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CHAPTER 1: GENERAL INTRODUCTION 
Phosphorus is an essential plant nutrient. Application of P to soil is often necessary 
to increase soil-test P for optimal crop yield potential and to offset P removed in grain and 
forage. Phosphorus is typically applied to agricultural land as inorganic fertilizer or as 
manure. Increasing concentrations of confined animal operations in many areas of Iowa and 
the Corn Belt necessitate the application of swine, poultry, and cattle manure to fields. 
Excessive or inappropriate P applications from fertilizer and/or manure sources have raised 
concerns related to surface water quality. 
Phosphorus is typically the limiting nutrient in freshwater lakes and streams, and 
while C and N can be obtained from the atmosphere, P is transported primarily in overland 
water flow as soluble P or as sediment-bound P. When P concentrations are sufficiently high 
in surface water, eutrophication, defined as the overenrichment of receiving waters with 
mineral nutrients, occurs. Eutrophication leads to public health concerns, odor problems, 
reduced recreational value, and depleted aesthetic value. Increased algal and cyanobacterial 
growth leads to high rates of respiration and organic matter decomposition that ultimately 
results in low levels of dissolved oxygen in water. As a consequence, fish are killed and 
major shifts in aquatic species occur. The sequence of eutrophication is complex and varies 
among water bodies, and thus similar P concentrations can have deleterious effects in one 
system but not another. 
The P delivery rate to surface water bodies is influenced by numerous source and 
transport factors including P application source, rate and method, soil P levels, field slope, 
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soil erosion, surface runoff, subsurface drainage, and proximity to surface waters among 
others. Since controlling P loss is complex, comprehensive assessment tools, such as the P 
Index, have been developed that estimate the relative contribution of various source and 
transport factors in order to assign a risk rating to a particular management area. To 
maximize the effectiveness of management tools such as the P index, a better understanding 
of P relationships in soil and with different P and soil management practices is needed. 
Various soil tests have been used for agronomic purposes, however, a recent emphasis has 
been placed on environmental soil tests that may better estimate P loss potential to water 
resources. Research has shown, though, that agronomic soil tests often provide 
interpretations for environmental purposes that are just as meaningful, if not better, than more 
time consuming and non-routine environmental soil tests, but these relationships need to be 
investigated for different soils and at different soil P levels. Although soil P concentration is 
an important P source factor, losses of P immediately following manure application are 
usually influenced more by manure P rate and placement. Applied manure is sometimes 
incorporated into soil to minimize losses of soluble P forms. However, incorporation of 
manure can also lead to greater soil erosion and P losses from P bound to eroded soil. 
Further research is needed to understand P loss relationships with tillage and manure 
application. 
The objectives of this research were to 1) assess relationships between soil total P, 
soil-test P, and quick indices of P sorption or P saturation on Iowa soils receiving long-term 
applications of fertilizer P, swine manure, or poultry manure; 2) characterize soil and runoff 
P relationships for five typical Iowa soils with wide ranges in soil P levels using an indoor 
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rainfall simulation technique; and 3) assess the impact of different application rates of liquid 
swine manure, its incorporation into the soil, and timing of simulated rainfall subsequent to 
manure application on concentrations and loads of dissolved reactive P, bioavavilable P, and 
total P in runoff. 
Dissertation Organization 
This dissertation is organized to have a general introduction (above), three papers that 
will be submitted to journals of the American Society of Agronomy or Soil Science Society 
of America, and a general conclusion. Each individual paper has an abstract, introduction, 
materials and methods, results and discussion, and conclusion. 
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CHAPTER 2: IMPACT OF LONG-TERM P APPLICATIONS ON SOIL TEST P, TOTAL 
P, AND P SATURATION 
A paper to be submitted to the Soil Science Society of America Journal 
B. L. Allen and A. P. Mallarino 
ABSTRACT 
Fertilizer or manure P applications to soils of many regions are increasing soil-test P 
(STP) and total soil P (TP) as well as P loss from agricultural fields. Study of relationships 
between P application, STP, TP, and indices of soil P saturation may help explain loss of 
particulate and dissolved P from fields. The objective of this study was to assess 
relationships between STP, TP, and indices of P saturation for Iowa soils that received 
various rates of manure or fertilizer P during many years. Soil samples were collected after 4 
to 23 yr histories of P application from plots at 11 trials conducted on typical Iowa soils. The 
P was incorporated to a 15-cm depth at all trials except for an additional no-till treatment at 
five trials. The largest cumulative P rate at each trial ranged from 192 to 1098 kg P ha"1. Soil 
analyses included the Bray-1 (BP), Mehlich-3 (M3P), and Olsen (OP) routine P tests; TP; a P 
sorption index (PSI); the Mehlich-3 P, Fe, and A1 molar ratio P saturation index (M3sat); pH, 
organic matter (OM), and texture. Soil P measured by BP, M3P, OP, TP and soil P saturation 
increased with cumulative P application. In trials with several P rate treatments for >20 yr, 
STP increased at higher rates as P applied increased, but trends departed little from linearity. 
Within each trial, TP increased linearly with increasing STP. Across all trials, TP was 
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slightly better correlated with OP than with BP or M3P and increased at a slightly lower rate 
at high OP levels. As cumulative P applied increased, the relative proportion of STP in TP 
was only slightly higher (on average across the 11 soils, STP was 1 to 3% of TP for the 
lowest P rates and 5 to 10% for the largest P rates). The M3sat correlated well with STP, the 
relationship was linear, and it was well below environmental thresholds suggested in the 
literature when long-term P application rates were those recommended for optimal crop 
growth or lower. The PSI correlated more poorly with STP. Overall, the results suggest that 
routine soil P tests can approximately estimate long-term effects of P application on TP and 
soil P saturation for the soils and soil test ranges included in the study, which represent large 
areas of Iowa and the Corn Belt. However, further investigation with these and other soils 
including higher P application rates or STP levels would be useful to better describe and 
understand relationships between STP, TP, and soil P saturation indices. 
INTRODUCTION 
Phosphorus is an essential nutrient for crop growth, and fertilization often is needed 
to increase soil-test P (STP) levels. Phosphorus application also is often necessary to offset P 
removed in grain and forage in order to maintain high crop yield potential (Barber, 1958; 
Webb et al., 1992; Kamprath, 1999). However, P application to soils testing high in P may 
be unreasonable. Economic returns to investments in annual fertilizer P applications are 
negative (Mallarino et al., 1991; Webb et al., 1992) and fertilizer P is a nonrenewable 
resource that requires responsible use (Randall et al., 1997b). Also, excessive or 
inappropriate P application has led to environmental water quality concerns, namely 
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eutrophication of surface waters (Lemunyon and Gilbert, 1993; Correll, 1998; Sharpley and 
Rekolainen, 1997) as P is typically the limiting nutrient for algal growth in lakes and rivers. 
Phosphorus is not only applied to soil as fertilizer. Extensive animal production in Iowa and 
the Corn Belt may necessitate the disposal of manure and the consequent addition of P to 
many fields. Soil-test P levels continue to increase in the Corn Belt (Killorn et al., 1990; 
Randall et al., 1997b; Bundy et al., 2001), and concentrations of confined animal production 
operations increase manure application to soils in some areas. A better understanding is 
needed to discern relationships between various soil P fractions and their potential impact on 
P loss to water resources. 
Several agronomic routine P tests, such as Bray-1 P (BP), Mehlich-3 P (M3P), and 
Olsen P (OP) are used to predict P sufficiency for crops. These tests are designed to extract a 
fraction of P that correlates well with plant uptake, but not necessarily with P loss potential. 
These tests also are being proposed as a tool to predict the potential impact of soil P on water 
quality because agronomic soil testing is ubiquitous, most are well understood, and STP 
values for many soils are well documented (Maguire and Sims, 2002b; Kleinman and 
Sharpley, 2002). Furthermore, agronomic P tests could serve as the basis for viable 
alternatives to more complicated and time consuming environmental soil tests, such as 
oxalate-extractable P/Fe+Al (DPS0X) or P sorption/desorption isotherm determinations, which 
characterize soil P saturation or P sorption potential. Two specific alternatives to these 
traditional tests are the Mehlich-3 (M3) saturation index (M3sat), which is the molar ratio of 
M3 extractable P/Fe+Al (Khiari et al., 2000; Maguire and Sims, 2002a), and the P sorption 
index (PSI), which is derived from a single-point isotherm shown to be well correlated with P 
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sorption capacity (Bache and Williams, 1971). These tests are easily conducted and provide 
reasonably accurate estimates of soil P saturation and P sorption, respectively. The M3sat is 
a particularly appealing alternative because the M3 extradant is routinely and widely used for 
soil P and several elements, and M3sat values often are highly correlated with DPS0X 
(Maguire and Sims, 2002a; Sims et al. 2002). 
Although many studies have assessed the effect of long-term P application on STP 
and crop yield (Barber, 1980; Li and Barber, 1988; Mallarino et al., 1991; Webb et al., 1992; 
Randall et al., 1997a; Randall et al., 1997b; Kamprath, 1999; Karlen et al., 2002), few have 
focused on changes in total soil P (TP) or indices of P saturation or P sorption (Barber, 1979; 
Sharpley et al., 1984; Hooda et al., 2000; Whalen and Chang, 2001; Bôrling et al., 2004). For 
example, following 16 yr of annual cattle manure applications, Whalen and Chang (2001) 
reported soil TP concentrations in the top 15 cm of Alberta (Canada) soils ranging from 920 
mg kg"1 without P application to 3750 mg kg"1 with a P application history totaling 5.1 Mg P 
ha"1. Barber (1979) reported TP increased from 400 (no P applied) up to 632 mg kg"1 in 
Indiana soils where up to 54 kg P ha"1 was applied annually for 25 yr. Cattle feedlot manure 
additions to Texas soils over a period of 8 yr increased TP and reduced P sorption compared 
to soils that were not manured (Sharpley et al. 1984). Bôrling et al. (2004) found increases in 
soil P saturation and decreases in PSI in a Swedish study with more than 30 yr of P 
application history. No study on Iowa soils has focused on the impact of long-term fertilizer 
or manure P applications on relationships between STP and TP. However, a summary of an 
unpublished review (A.P. Mallarino and B. Allen, personal communication, Iowa P Index 
Task Force, 2001) of Iowa data from several sources (mostly unpublished thesis and refereed 
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journal articles written since the 1940s) indicates higher TP values for soils with high BP 
values as a result of fertilization or manure application. Usually TP was 450 to 550 mg kg"1 
for soils with BP < 6 mg kg"1 and 700 to 900 mg kg"1 with BP > 30 mg kg"1. 
Concerns related to water quality and excess P inputs to soils warrant further study of 
soil P fractions and their relationships in typical Iowa soils. Relationships between STP, TP, 
and indices of soil P saturation or sorption are of particular interest because these 
relationships may affect loss of particulate and dissolved P to water resources. A better 
understanding of these P relationships in soils is necessary to maximize the effectiveness of 
comprehensive management tools such as the P Index. The objective of this study was to 
assess relationships between STP, TP, and quick indices of P saturation or P sorption on Iowa 
soils receiving long-term applications of swine manure, poultry manure, or fertilizer P. 
MATERIALS AND METHODS 
Description of Field Trials Sampled 
Soil samples were collected from selected treatments at 11 long-term P field trials 
established on Iowa State University research farms. Trials 1 through 5 were long-term 
fertilizer P rate experiments (Bordoli and Mallarino, 1998; Mallarino et al., 1999). Rates of 0 
or 27.4 kg P ha"1 were applied annually, and trials were located near Nashua, Kanawha, 
Sutherland, Crawfordsville, and Lewis, respectively. Trials 6 and 7 were long-term fertilizer 
P rate experiments, in which annual rates of 0,11.2, 22.4, or 33.6 kg P ha"1 were 
superimposed on plots that initially received 0 or 291.2 kg P ha"1. Trial 6 was located near 
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Boone, and Trial 7 was located near Kanawha (Webb et al., 1992). Trial 8 was a long-term 
P-K fertilization experiment located near Nashua (Mallarino et al., 1991). Only plots 
receiving annual rates of 0, 22.4, or 44.8 kg P ha"1 and a high K rate were used for this study. 
Trials 9 and 10 were manure long-term experiments located near Boone (Klatt, 2001). 
Manure (liquid swine in Trial 9 and poultry egg layer in Trial 10) was broadcast prior to a 
corn crop in a corn-soybean rotation at zero, one, and two times the N rates (0, 168, and 336 
kg N ha"1, respectively) usually recommended for a corn-soybean rotation with a yield goal of 
9.67 Mg ha"1 corn grain yield. Trial 11 was part of a long-term water quality experiment 
(Bjornberg et al., 1996; Kanwar et al., 1997; Bakhsh et al., 2000; Bakhsh et al., 2001) located 
near Nashua. Liquid swine manure was injected at either 112 kg-N ha"1 prior to a corn crop 
in a corn-soybean rotation or at 134 kg-N ha"1 annually for continuous corn. Prior to manure 
application for Trials 9, 10, and 11, the manure was sampled and application rates were 
calculated based on nutrient analysis. Total manure P applied was determined by analyzing 
grab samples taken during the actual application. 
Trials 1 through 5 had a chisel plow and no-till treatment. Preliminary analysis 
showed inconsistent differences in soil P measurements between the two management 
systems at the 0 - 15 cm sampling depth, so tillage system was not considered separately. All 
other trials were under chisel-disk tillage management. Fertilizer P or manure was broadcast 
and incorporated immediately after application by chisel-plowing and disking, except for 
Trial 11 where the manure was injected before tillage. At Trial 11, fertilizer P was broadcast 
from 1977 to 1992 in a corn-soybean rotation (Bjornberg et al., 1996, Kanwar et al., 1997), 
and swine manure was injected from 1993 to 2001 (Bakhsh et al., 2000; Bakhsh et al., 2001) 
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in either a corn-soybean rotation or continuous corn. 
Soils, Soil Sampling, and Soil Analyses 
The soils included in this study represent typical agricultural soils in Iowa and 
neighboring states. A summary of selected site characteristics, soil analyses, and P 
application histories is presented in Table 1. Soil textures were loam, clay loam, or silty clay 
loam, and clay content varied from 171 to 355 g kg"1. Soil pH varied from 5.2 to 7.9. Soil-
test P across trials ranged from 3 to 120 mg kg"1 (BP), 4 to 140 mg kg"1 (M3P), and 1 to 74 
mg kg"1 (OP). Soil TP across trials ranged from 305 to 678 mg kg"1. Cumulative P 
applications to soil ranged from 0 to 1098 kg ha"1 over a period of 4 to 23 yr. 
Composite soil samples consisting of 10 to 12 soil cores (2-cm diameter) per sample 
were collected to a depth of 15 cm from all trials. Soils were dried and ground to pass 
through a 2 mm sieve and stored in plastic-lined paper bags prior to analysis. Soil organic 
matter (OM) was determined by a combustion method based on the procedure of Wang and 
Anderson (1998). Soil texture was estimated by particle size distribution (Walter et al., 
1978). Soil was analyzed for the agronomic tests BP, M3P, OP, and pH as described in 
chapters of the North Central Region Publication 221 (Brown, 1998), which includes 
procedures recommended by the North Central Region Committee for Soil Testing and Plant 
Analysis (NCR-13). Soil P sorption capacity was estimated based on the PSI developed by 
Bache and Williams (1971). Briefly, dissolved P was measured after 20 mL of a 75 mg P L"1 
solution was added to 1 g soil (i.e. 1.5 mg P g"1 soil), shaken for 18 h, and filtered through a 
0.45 p,m pore size (Sims, 2000). The PSI was calculated as q/(log C), where q is the amount 
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of P sorbed and C is the equilibrium solution P concentration. Soil P saturation was 
estimated with the M3sat index (Hooda et al., 2000; Sims et al., 2002). This index is based 
on empirical data showing that P saturation is determined mainly by P binding to the Fe and 
A1 oxide fraction in noncalcareous soils (Lee and Bartlett, 1977; Parfitt, 1978; Sanchez and 
Uehara, 1980). Total P was determined by an alkaline oxidation digestion procedure (Dick 
and Tabatabai, 1977) adapted to an A1 digestion block (Cihacek and Lizotte, 1991). All 
filtrates were analyzed for P colorimetrically by the molybdate blue - ascorbic acid method 
(Murphy and Riley, 1962). The M3 extractable Fe and A1 were measured by atomic 
absorption spectroscopy. 
Statistical Analyses 
The P rate treatments at each trial were replicated at least three times, with the 
exception of a single control treatment (no P applied) at Trial 10. All soil laboratory analyses 
were performed in duplicate. Linear and quadratic regression models were fit to relationships 
between measurements using the GLM procedure of SAS (SAS Institute, 1999). Linear 
coefficients of the relationships were compared across trials using the GLM procedure of 
SAS and a Bonferroni test (SAS Institute, 1999). 
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RESULTS AND DISCUSSION 
Relationships Between Cumulative P Application and Soil P 
Common P availability indices for crops used in Iowa and Corn Belt soils are based 
on BP and M3 extradants. The OP test is typically used to predict plant P availability in 
calcareous soils. Higher levels of STP subsequent to P application are well documented 
(Barber, 1979; Sharpley et al., 1984; Li and Barber, 1988; Mallarino et al., 1991; Webb et al., 
1992). In this study, STP increased with increasing cumulative P application at all trials. 
Table 2 shows results for Trials 1 through 5, which involved only two P treatments, and for 
Trials 9 and 10, which had three treatments and a short-term P application period. Figure 1 
shows results for trials that received at least three P rates for more than 20 yr. Increasing 
curvilinear trends were observed (P < 0.05) for Trials 6 and 7. There was also a clear 
curvilinear trend for Trial 8, although it could not be tested against the linear component 
because only three treatments were applied. However, in all cases the departure from 
linearity was small (< 0.07 R2 increase over the linear trend). These curvilinear trends, 
although weak, would confirm expectations of slightly larger effects of P application on 
increasing STP with high P application rates or STP levels. Linear coefficients (mg kg"1 STP 
per kg ha"1 cumulative P applied) ranged from 0.05 to 0.12 for BP, 0.06 to 0.11 for M3P, and 
0.02 to 0.07 for OP, and represent average STP change per unit of cumulative P applied. 
Soil-test P changes measured by the BP and OP tests often were higher (P < 0.05) for Trials 8 
and 11 (Kenyon and Readlyn soils, in Northeast Iowa) than for Trials 6 and 7 (Canisteo, 
Nicollet, or Webster soils, in Central Iowa), although differences sometimes did not achieve 
statistical significance at P  <  0.05. Changes for the M3P test ranked similarly to the other 
tests, although differences across trials did not achieve statistical difference at P < 0.05. 
Higher STP change for the Northeast Iowa soils might be explained by their lower clay 
content, as P sorption tends to decrease with decreasing soil clay content (Udo and Uzu, 
1972; Parffit, 1978; Mozaffari and Sims, 1994). 
Phosphorus concentration in harvested grain and net P additions were not directly 
determined for this study. However, approximate P removal with grain harvest was 
estimated using measured yields and assuming the average P concentration values 
recommended by Iowa State University (Sawyer et al., 2002) to calculate P removal (5.8 g P 
kg"1 soybean grain and 2.9 g P kg"1 corn grain). Estimated annual P grain removal ranged 
from 20.4 to 25.5 (22.9 mean) kg ha"1, 17.5 to 23.5 (22.0 mean) kg ha"1, 20.7 to 22.4 (21.6 
mean) kg ha"1, and 21.0 to 24.5 (22.6 mean) kg ha"1 for Trials 6, 7, 8, and 11, respectively, 
which had more than 20 yr of P treatment application. 
Barber (1979) reported increases for BP in a 25 yr experiment on Indiana soils, where 
a net addition of 17 kg P ha"1 was needed to raise BP by 1 mg kg"1. This result is comparable 
to the highest estimates in this study, which ranged from 8 to 20 kg P ha"1. Linear estimates 
for trials in this study with more than 20 yr of P application at various rates were 20 kg P ha"1 
for Trial 6 and 17 kg P ha"1 for Trial 7. In the same Indiana soils, Li and Barber (1988) 
reported a BP linear coefficient of 0.07 (r = 0.96) with increasing net cumulative P 
application after four rates of fertilizer P were applied over a 32-yr period. Dobermann et al. 
(1996) observed an OP linear coefficient of 0.06 (r = 0.84) with increasing net cumulative P 
application for soils at 11 sites in Asia (Philippines, Indonesia, Vietnam, China, and India) 
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with long-term P application histories. 
Long-term P application increased soil TP and M3sat and decreased PSI at trials with 
more than 20 yr of P application history (Fig. 2). Relationships between cumulative P input 
and soil TP were linear (P < 0.05) for all four trials. A slightly increasing curvilinear trend 
observed for Trial 6 was not significant after a linear term. Linear coefficients (TP change) 
between trials were not statistically different (P < 0.05) and ranged from 0.1 to 0.3 mg kg"1 
per unit of cumulative P applied. Other research also showed that long-term P application to 
soil increased TP (Barber, 1979; Sharpley et al., 1984; Whalen and Chang, 2001; Bôrling et 
al., 2004). Calculations from relationships in Fig. 2 indicate that on average TP increased 1 
mg kg"1 per each 5.1 kg P ha"1 applied. Barber (1979), working with Indiana soils, estimated 
that TP in the top 15 cm increased 1 mg kg"1 per each 4.5 kg ha"1 net P applied in a 25-yr 
study. 
The relationship between cumulative P input and M3sat (Fig. 2) was linear for Trials 
7,  8 ,  a n d  1 1  b u t  w a s  c u r v i l i n e a r  f o r  T r i a l  6 .  T h e r e  w a s  a  w e a k  a n d  n o t  s i g n i f i c a n t  ( a t  P  <  
0.05) curvilinear increasing trend for Trial 7, too. A curvilinear increasing trend indicates a 
higher rate of soil P saturation as the cumulative P application rate increased, which would be 
an expected result. The linear coefficients of the relationships (M3sat change) did not differ 
among trials and ranged from 0.009 to 0.013. The PSI index of soil P saturation (an inverse 
relationship) decreased with cumulative P input, and the relationship was curvilinear for 
Trials 6 and 7 and linear for Trials 8 and 11. Linear coefficients of relationships for Trials 8 
and 11 did not differ, nor did the linear coefficients of relationships between Trials 6 and 7. 
In general, the results for PSI agree with those for M3sat, although PSI revealed an increasing 
rate of soil P saturation change at high P application rates for Trials 6 and 7 (a curvilinear 
trend for Trail 7 was not statistically significant with M3sat). We cannot explain this 
difference between the two indices with the methods used. 
Other research also showed that long-term P application to soil increased soil P 
saturation (Sharpley, 1996, Bôrling et al., 2004). For example, Bôrling et al. (2004) reported 
that DPS0X ranged from 7.7 to 16.8% in soil that received no P and from 9.9 to 33.7% in soil 
that received annual rates of 39 to 49 kg P ha"1 during 31 yr. In the same study, soil P 
sorption decreased linearly with increasing P application. They estimated soil sorption with a 
PSI method similar to the one used in this study, except they used 0.6 g P kg"1 soil instead of 
1.5 g P kg"1 soil. Other research has also shown that the capacity of soil to sorb P typically 
decreases with increasing P application rates of fertilizer or manure (Reddy et al., 1980; 
Sharpley et al., 1984). 
Relationships Between STP, TP, M3sat, and PSI 
Total P increased with increasing STP in all trials (Table 3). Relationships between 
TP  a n d  S T P  w i t h i n  e a c h  t r i a l  i n v o l v i n g  m o r e  t h a n  t h r e e  P  a p p l i c a t i o n  r a t e s  w e r e  l i n e a r  ( P  <  
0.05) for the three routine soil P tests (Fig. 3). Linear coefficients of the relationships did not 
differ between trials. Soil TP increased from 1.7 to 3.4, 1.8 to 2.6, and 3.1 to 6.4 mg kg"1 per 
mg kg"1 of BP, M3P, and OP, respectively. We also found a significant linear relationship 
between TP and STP across individual plots of all trials (Table 3) when STP was measured 
with BP (r = 0.52), M3P (r = 0.54), or OP (r = 0.55) tests. Mean TP across trials increased 
2.4, 2.2, and 4.4 mg kg"1 per mg kg"1 BP, M3P, and OP, respectively. Others have observed a 
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similar degree of correlation between TP and STP using various routine soil P tests, such as 
Sharpley (1996) for several soils of Oklahoma and Texas and Pautler and Sims (2000) for 
127 Dutch and Delaware soils. 
An additional observation from data in Fig. 3 is that the relationship across all soils 
between TP and the OP test was slightly curvilinear (with a smaller TP increase rate at high 
OP levels) and that data points for all soils were more tightly distributed than for the BP or 
M3P tests. Although the curvilinear trend was weak and barely significant at P < 0.05, it 
suggests a similar intercept for the relationship for all soils if the range of measured values 
had been similar. Although strong conclusions are not possible because the curvilinear trend 
was weak and observed TP and OP ranges were different for some soils, this result suggests 
that OP is better related to TP than BP or M3P across soils with different properties. We 
cannot explain this result with the methods used, but the explanation must be related to STP 
extraction from slightly different pools. Furthermore, the trend for OP indicates that the 
proportion of TP made up of STP increased with increasing TP, which agrees with 
curvilinear increases of STP with increasing cumulative P application shown in Fig. 1. 
Average calculations across the 11 trials showed that OP was 1% of TP for plots with no P 
application and 5% for plots that received the highest P rate. Results of similar calculations 
for the other tests were 3 to 10% for BP and 3 to 11% for M3P. 
Others have observed a higher STP:TP ratio in high-testing soils. For example, 
Sharpley et al. (1984) reported the proportion of TP as BP in the surface 30 cm of a clay-loam 
Texas soil increased from 4% with no P application to 29% when 2.1 Mg P ha"1 as cattle 
manure was applied over a 5-yr period. Whalen and Chang (2001) reported that the 
proportion of TP as OP in the surface 15 cm of a clay-loam Alberta (Canada) soil increased 
from 13% with no P application to 27% with 5.1 Mg P ha"1 as cattle manure over a 16-yr 
period. The P application rates in these studies were higher than in our study. These results 
indicate that application of a specific P rate would likely result in a higher increase of plant-
available P in high-testing soils than in low-testing soils. Also, this result implies a higher 
risk of dissolved P loss with surface runoff when a certain P rate is applied to high-testing 
soils compared with low-testing soils because STP has been shown to correlate well with 
dissolved P loss from fields. 
Understanding the relationship between STP and soil TP is also important because TP 
is directly related to particulate P delivery to surface water supplies (Correll, 1998), and 
several P indexes estimate TP from STP (Mallarino et al., 2002a). While updated records for 
STP are prevalent, those for current measures of soil TP are not, and laboratory tests for TP 
are more costly than tests for STP. This study and other studies referenced above show that 
STP is correlated with TP, although the strength of the relationship across different soils is 
rather low for prediction purposes. 
The M3sat index of soil P saturation increased with increasing STP or TP in all trials 
(Table 4). Relationships for trials involving more than three P application rates during more 
than 20 yr were linear (P < 0.05) for all four trials (Fig. 4). The M3sat values increased from 
0.03 to 0.06, 0.09 to 0.20, 0.10 to 0.20, and 0.16 to 0.47 per mg kg"1 of TP, BP, M3P, and OP, 
respectively. Mean M3sat across the 11 trials increased 0.04, 0.14, 0.13, and 0.27 per mg kg"1 
TP, BP, M3P, and OP, respectively (Table 4). Although M3sat increased with TP across 
individual plots of all trials {r = 0.45), the strength of the relationship seems too low for 
predictive purposes. In contrast, the correlation across all trials between M3sat and STP was 
also linear but stronger than for TP (r = 0.82 for BP, r = 0.87 for M3P, and r = 0.80 for OP). 
These high correlations indicate that STP could provide reasonable estimates of M3sat, 
especially within similar soil types. Maguire and Sims (2002a) also reported good 
correlations between M3sat and STP measured with M3P (r = 0.91) or Mehlich-1 P 
(r = 0.91) for silt-loam and sandy-loam soils. A better understanding of the relationship 
between STP and M3sat could play an important role in the future of nutrient management 
because M3sat could be a better predictor of runoff or leached P than STP alone. Infrequent 
analysis for M3 Fe and A1 would be required to calculate M3sat, assuming these are not 
likely to change as quickly as STP. Once the M3 Fe and A1 are determined for a particular 
soil or management area, periodic STP analysis would be necessary to recalculate the M3sat 
based on new STP values. The relationship of M3 Fe and A1 with time and under different 
management practices warrants further investigation. For example, liming is a common soil 
amendment that affects soil pH and could affect extractable Fe and Al. In this study pH 
showed a significant negative correlation with M3 Fe (r = -0.66) and Al (r = -0.46) (Table 5). 
A comparison of linear coefficients of relationships between M3sat and TP or BP 
across all trials revealed no statistical differences (P < 0.05). However, significant 
differences for some trials were detected when STP was measured with OP and M3P tests 
(Fig. 4 and Table 4). For example, long-term Trials 6 and 7 had higher OP linear coefficients 
compared to Trials 8 and 11 (Fig. 4), and the difference was also apparent for TP and BP, 
although not significant at P < 0.05. The greater slopes tended to be observed for soils with 
relatively lower M3 extractable Fe and Al and higher soil OM (Table 1), although clay 
content sometimes was high (as in soils of Trials 6 and 7). These results seem reasonable 
because OM can coat P sorption sites limiting P sorption (Daly et al., 2001; Huang and 
Schnitzer, 1986; Barrow, 1989; McDowell and Condron, 2001), and P sorption decreases 
when Fe and Al oxides decrease (Parfitt, 1978; McDowell and Condron, 2001). The effect 
of soil pH on these relationships was not clear in these soils, probably because of the narrow 
observed ranges. Phosphorus retention by Fe and Al oxides decreases with increasing pH 
(Mora and Canales, 1995), but P retention by CaC03 could increase as pH increases in these 
soils. Pautler and Sims (2000) reported that P-enriched soils with low concentrations of 
oxalate-extractable Fe plus Al would have a larger pool of easily desorbed P. This implies 
that for any given STP value, soil P saturation is potentially higher for soils with lower 
extractable Fe and Al. Hence, soils with similar STP levels but different extractable Fe and 
Al or P sorption capacity might warrant different P management strategies when considering 
risk for dissolved P loss (Hooda et al., 1997; Hooda et al., 2000). 
An environmental threshold of 25% soil P saturation (DPS0X) has been suggested 
based on research in the Netherlands (Schoumans and Groenendijk, 2000). Maguire and 
Sims (2002a) and Sims et al. (2002) showed that DPS0X and M3sat were linearly and highly 
related (r2 = 0.92 and 0.87, respectively). Maguire and Sims (2002a) reported that 25% 
saturation by DPS0X corresponded to a M3sat value of 6.2. Sims et al. (2002) reported that a 
M3sat value of 14 reflected a change point after which P concentration in surface runoff 
increased at a greater linear rate for coarse-textured Delaware soils. The STP or soil P 
saturation value at the aforementioned change point has been suggested as a threshold for 
environmental purposes when interpreting P concentrations in tile drainage or surface runoff 
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(Heckrath, 1995). Nair et al. (2004) estimated such a change point for Florida soils with 96% 
sand and 2% clay based on water-extractable soil P (1:10 soil to water ratio) occurred at 16% 
soil P saturation [M3P/0.5(M3 Fe + Al)]. 
A change point for Corn Belt soils would likely differ from those considered in the 
field study by Sims et al. (2002), as those Delaware soils were coarse textured (ranged from 
loamy-sand to silty-loam), moderately acidic (median pH ~ 5.7), and low in OM (median OM 
was 16 g kg"1). Nevertheless, calculations based on means across all trials in our study 
suggest that BP, M3P, and OP values of 96, 106, and 49 mg P kg"1, respectively, would 
reflect a M3sat value of 14. At higher M3sat values runoff P concentrations could pose an 
increasing environmental risk according to Sims et al. (2002). In trials where P was applied 
annually at 22.4 kg P ha"1 (considered optimal for crop growth) for more than 20 yr, M3sat 
ranged from 2.3 to 7.9 and averaged 4.9 (data not shown), well below the environmental 
threshold previously suggested for runoff P. When P was applied annually for more than 20 
yr at rates up to twice that considered optimum for crop production, M3sat ranged between 
4.4 to 15.8 and averaged 10, reaching saturation levels closer to those with higher risk of P 
loss to water resources. However, reports of ongoing Iowa field research (Klatt, 2001 ; 
Mallarino et al., 2002b; Haq et al., 2003), and results of an indoor rainfall simulation study 
for typical Iowa soils (Allen et al., 2004, Chapter 3 in this dissertation) suggest linear 
relationships and no change point for relationships between STP or soil P saturation with P 
concentration in tile drainage or surface runoff. Further research is needed to investigate 
these relationships for Iowa soils. This information would help estimate the contribution of P 
as a source factor in the Iowa P Index. 
Study of relationships between PSI and other soil P tests showed that PSI decreased 
with increasing TP or STP, although the trends did not reach significance at the 0.05 
probability level at some trials (Fig. 5 and Table 6). Results for trials with several years of P 
application at more than three rates (Fig. 5) showed linear decreasing trends for relationships 
with TP and the three routine P tests except for Trial 7, where PSI decreased at higher rates at 
high soil P levels. A weak curvilinear trend for Trial 6 was not significant (P < 0.05) over 
the linear trend. The results for Trials 6 and 7 are in agreement with results for M3sat 
discussed previously. Comparisons of linear coefficients for other trials showed no statistical 
differences. On average across individual plots of all trials (Table 6), mean PSI decreased 
-0.10, -0.45, -0.37, and -0.82 per mg kg"1 TP, BP, M3P, and OP, respectively. In general we 
found that PSI was not well correlated with other soil P tests or M3sat (Table 5), although a 
better correlation was found between PSI and M3 extractable Al (r = 0.71). Soil P can be 
tightly bound by Fe and Al oxides, so the PSI could reasonably predict P loss with runoff. 
Pote et al. (1999) found PSI to be well correlated to dissolved reactive P in runoff. Other 
research has found PSI to be highly correlated (r = 0.90) with clay content, suggesting PSI 
groupings could be based on textural class (Mozaffari and Sims, 1994). However, our results 
(not shown) showed a very weak correlation between PSI and soil clay content (r = 0.35) 
probably because of a small range in clay content (Table 1). We also found a weak and 
barely significant (P < 0.05) negative correlation between soil pH and PSI (r = -0.22), 
indicating that soil P saturation estimated by this index increased with increasing pH 
(Table 5). However, the strength of the correlation was very weak, and others (Duffera and 
Robarge, 1999) have suggested that soil pH should not be expected to have a large or clear 
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effect on P sorption over a narrow soil pH range as that in this study. 
CONCLUSIONS 
The results of this study showed that S TP measured with three agronomic tests, TP, 
and soil P saturation increased with cumulative P application. In trials receiving various P 
application rates, S TP increased at higher rates as the cumulative P applied increased, but 
trends departed little from linearity. Within each trial, TP always increased linearly as BP, 
M3P, and OP increased. Across all trials, TP increased linearly with BP and M3P but 
increased at a slightly lower rate at high OP levels. However, the departure from linearity for 
the TP-OP relationship was very small. As cumulative P applied increased, the relative 
proportion of S TP in TP was only slightly higher (on average across the 11 trials, STP was 1 
to 3% of TP for the lowest P rates and 5 to 10% for the largest P rates). These results suggest 
that STP databases could provide reasonable estimates of TP within the range of values 
observed in this study. 
The M3sat index of soil P saturation correlated well and linearly with the BP, M3P, 
and OP measures of STP at each trial and across all trials. Knowledge of relationships 
between STP or soil P saturation and soil properties suggest that curvilinear trends 
(increasing rates of soil P saturation as STP increases) should be expected at high STP 
values. Results indicate that, for the soils and STP ranges considered in this study, STP 
could provide reasonable estimates for M3sat. The M3sat levels in soils that received P 
application rates recommended for optimal crop growth or less for more than 20 yr were 
below an environmental threshold that has been suggested in the literature. A one-point 
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estimate of P sorption (PSI) correlated more poorly with STP at each trial or across all trials, 
although at one long-term trial the PSI showed the expected curvilinear trend that M3sat did 
not show. Further investigation of these relationships is warranted. 
Overall, the results suggest that routine soil P tests could approximately estimate 
long-term effects of P application on TP and soil P saturation for the soils and soil test ranges 
included in the study. The P application rates and STP ranges were representative of large 
areas of Iowa and the Corn Belt. However, further investigation with these and other soils 
including higher P application rates or STP levels would be useful to better describe and 
understand relationships between STP, TP, and soil P saturation indices. 
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Table 1. Description of soils and treatment histories. 
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial 8 Trial 9 Trial 10 Trial 11 
Soil series Kenyon Webster Galva Mahaska Marshall NicoletZ Webster/ Kenyon Clarion Clarion/ Readlyn/ 
Webster Canisteo Nicollet Kenyon 
Subgroup* TD TQ TD QD TD AD/TQ TQ/TQ TD TD TD/AD AD/TD 
Clay, g kg"1 253 319 375 293 291 257 296 217 218 171 209 
Soil OM, g kg"1 40 58 47 44 40 49 57 33 34 37 36 
Soil pH range 6.0-7.4 5.8-7.5 5.9-6.6 5.2-5.8 6.1 -6.9 6.1 -7.5 5.6-7.9 6.0-6.3 6.9-7.4 6.4 - 7.0 6.0-7.0 
Mehlich 3 AI, mg kg"1 593 430 677 662 661 493 371 648 625 753 620 
Mehlich 3 Fe, mg kg"1 181 108 184 262 157 145 102 223 199 186 197 
Years P applied 7 7 7 7 7 23 21 21 6 4 22/23 
Form of P applied* TSP TSP TSP TSP TSP TSP TSP TSP SM PM TSP/SM 
Soil sample year 2000 2000 2000 2000 2000 1997 1996 1999 2001 2001 001/200 
Cumulative P 0-192 0-192 0-192 0-192 0-192 0-1098 0-997 0-941 42 - 286 0-450 455 - 871 
applied, kg ha1 
t TD, Typic Hapludoll; AD, Aquic Hapludoll; TQ, Typic Endoaquoll; QD, Aquertic Argiudoll 
$ SM, swine manure; PM, poultry manure; TSP, triple super p TSP = triple super phosphate 
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Table 2. Soil-test P and total P change following P application 
for soils with a short-term P application period. 
Soil P change* 
Trial Bray P Mehlich 3 P Olsen P Total P 
mg kg"1 soil P per kg ha"1 cumulative P 
1 0.11 0.13 0.06 0.33 
2 0.15 0.19 0.09 0.33 
3 0.16 0.21 0.11 0.57 
4 0.13 0.15 0.06 0.35 
5 0.18 0.21 0.10 0.56 
9 0.17 0.20 0.11 0.33 
10 0.21 0.25 0.12 0.45 
t All soil P test changes were significant (P < 0.05) for each trial, and 
soil P change was not statistically different (P < 0.05) between trials. 
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Table 3. Relationship between total P and three agronomic P tests for all plots at each trial and across all trials. 
T rial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial 8 Trial 9 Trial 10 Trial 11 Mean AIITrialst 
TP vs. BP slope 2.6" 2.2** 3.4*** 2.1* 3.1*** 2.2*** 1.7** 2.2*** 2.1*** 2.2** 2.3*** 2.4 1.8*** 
r 0.73 0.80 0.98 0.70 0.98 0.79 0.53 0.95 0.90 0.94 0.92 0.52 
OS* NS 
TP vs. M3P slope 2.1* 1.8** 2.6*** 1.8* 2.6*** 2.0*** 2.3*** 2.5*** 1.8*** 1.9** 2.5*** 2.2 1.7*** 
r 0.70 0.79 0.97 0.70 0.97 0.80 0.72 0.96 0.91 0.94 0.94 0.54 
05 NS 
TP vs. OP slope 4.6** 3.7** 4.9*** 3.5* 5.3*** 6.4*** 3.9*** 5.1*** 3.1** CO 1
 
4.1** 4.4 3.5*** 
r 0.73 0.80 0.95 0.60 0.95 0.82 0.56 0.95 0.87 0.92 0.93 0.55 
DS NS 
*, **, and ***, significant at P < 0.05, P < 0.01, and P < 0.001, respectively. 
t Average calculated from all plots in study. 
$ Different linear regression coefficients between trials. NS indicates no statistical difference (P < 0.05) between trials. 
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Table 4. Relationship between P saturation and three agronomic P tests or total P for all plots at each trial and across all trials. 
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial 8 Trial 9 Trial 10 Trial 11 Mean All Trialst 
M3sat vs. TP slope 0.03* 0.06** 0.04*** 0.03* 0.04*" 0.05"* 0.05"* 0.04*** 0.05" 0.05" 0.03" 0.04 0.02*** 
r 0.66 0.80 0.94 0.59 0.94 0.83 0.76 0.95 0.84 0.94 0.90 0.45 
DS* NS 
M3sat vs. BP slope 0.15*** 0.20*** 0.15*** 0.14*** 0.14*** 0.16*** 0.16*" 0.10*" 0.13*** 0.12"* 0.09"* 0.14 0.12"* 
r 0.97 0.98 0.99 0.98 0.98 0.89 0.76 0.99 0.99 0.97 0.95 0.82 
DS NS 
M3sat vs. M3P slope 0.13*** 0.16*** 0.12*** 0.12*** 0.12*** 0.16"* 0.20*** 0.11*" on*.. 0.10*** 0.10*** 0.13 0 12*** 
r 0.99 0.99 0.99 0.98 0.99 0.98 0.92 1.00 0.99 0.99 0.97 0.87 
DS ABC ABC BC BC BC AB A c BC c c 
M3sat vs. OP slope 0.27*** 0.34*** 0.22*** 0.28*" 0.24*** 0.47*** 0.37*** 0.22*" 0.20"* 0.19"* 0.16*** 0.27 0.22"* 
r 0.99 0.99 1.00 1.00 0.99 0.93 0.81 0.99 0.98 0.98 0.95 0.80 
DS ABC ABC BC ABC BC A AB c BC D 0 
*, **, and "*, significant at P < 0.05, P < 0.01, and P < 0.001, respectively. 
t Average calculated from all plots in study. 
t Different linear regression coefficients (P < 0.05) between trials are indicated by different capital letters. NS indicates no 
statistical difference (P < 0.05) between trials. 
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Table 5. Correlation coefficients between selected soil properties across all 
sites (n = 150).f 
TUTP WP MP UP~M5Të lÏÏJWIfârSâi P37 
B-P 0.52 
M3P 0.54 0.98 
OP 0.55 0.95 0.96 
M3 Fe 0.35 0.36 0.31 0.32 
M3 AI 0.35 0.28 0.26 0.29 0.73 
M3 Sat 0.45 0.82 0.87 0.80 -0.02 -0.16 
PSI 0.26 -0.25 -0.22 -0.19 0.42 0.71 -0.44 
PH -0.21 -0.13 -0.03 -0.07 -0.66 -0.46 0.16 -0.22 
f coefficients >0.16 are significant at P < 0.05. 
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Table 6. Relationship between P sorption and three agronomic P tests or total P for all plots at each trial and across all trials. 
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial 8 Trial 9 Trial 10 Trial 11 Mean All Trialst 
PSI vs. TP slope 
r 
DS* 
-0.12 
0.44 
AB 
-0.18* 
0.68 
AB 
-0.06 
0.26 
AB 
-0.04 
0.07 
AB 
-0.22** 
0.71 
A 
-0.09* 
0.35 
AB 
0.08 
0.34 
B 
-0.11* 
0.70 
AB 
-0.15 
0.44 
AB 
-0.12 
0.63 
AB 
-0.08 
0.51 
AB 
-0.10 0.10** 
0.26 
PSI vs. BP slope 
r 
DS 
-0.67* 
0.69 
-0.48* 
0.68 
-0.29 
0.35 
-0.82 
0.55 
-0.77** 
0.77 
-0.28 
0.38 
-0.29* 
0.40 
-0.31** 
0.83 
-0.49 
0.64 
-0.31 
0.67 
-0.19 
0.46 
-0.45 
NS 
-0.32** 
0.25 
PSI vs. M3 slope 
r 
DS 
-0.51* 
0.62 
-0.40* 
0.68 
-0.21 
0.32 
-0.68 
0.54 
-0.66** 
0.78 
-0.27 
0.40 
-0.12 
0.16 
-0.35** 
0.85 
-0.41 
0.65 
-0.26 
0.68 
-0.24 
0.55 
-0.37 
NS 
-0.26** 
0.22 
PSI vs. OP slope 
6 
DS 
-0.95 
0.55 
-0.85** 
0.71 
-0.46 
0.38 
-1.76* 
0.60 
-1.41** 
0.80 
-0.63 
0.30 
-0.57* 
0.37 
-0.70** 
0.82 
-0.80* 
0.68 
-0.55 
0.75 
-0.34 
0.47 
-0.82 
NS 
-0.46* 
0.19 
*, **, and ***, significant at P < 0.05, P < 0.01, and P < 0.001, respectively. 
t Average calculated from all plots in study. 
X Different linear regression coefficients (P < 0.05) between trials are indicated by different capital letters. NS indicates no 
statistical difference (P < 0.05) between trials. 
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Figure 1. Relationship between cumulative P application and soil-test P measured 
with three agronomie tests for soils with more than 20 years of P 
application history. Different capital letters indicate slopes are significantly 
different (P < 0.05) linear coefficients. 
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Figure 2. Relationship between cumulative P application and soil P saturation ratio, 
P sorption, and total P for soils with more than 20 years of P application 
history. Linear coefficients were not significantly different between trials 
(P < 0.05). 
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Figure 3. Relationship between soil total P and soil-test P measured with three 
agronomic tests for soils with more than 20 years of P application history. 
Linear coefficients were not significantly different between trials (P < 0.05). 
40 
(D 
~o 
_c 
c 
o 
g 
3 
m CO 
co 
_c 
o 
ic <D 
15 
10 
-e— Trial 6 
O Trial 7 
-a— Trial 8 
-v— Trial 11 
Trial 7 M3sat = 1.6 + 0.19 * BP. A 
r2 = 0.86, P< 0.01 ^ 
o o 
Trial 11 M3sat = 3.4 + 0.09 * BP 
r2 = 0.95, P< 0.14 
0 -
15 
10 
0 
15 
10 
5 4 
V A 
Trial 8 M3sat = .39 + 0.10 * BP 
r2 = 0.99, P < 0.05 
Trial 6 M3sat = -0.2 + 0.18 * BP 
r2 = 0.98, P< 0.01 
Bray P 
Trial 7 M3sat = 0.7 + 0.20 * M3P r 
r2 = 0.96, P< 0.01 O O 
Trial 11 M3sat = 2 + 0.09 * M3P 
r2 = 0.99, P< 0.03 
BC 
Trial 8 M3sat = 0.2 + 0.11 * M3P 
r2 = 0.99, P< 0.01 
Trial 6 M3sat = -0.18 + 0.16 * M3P 
r2 = 0.99, P< 0.01 
Mehlich 3 P 
A Trial 7 M3sat =1.3 + 0.41 * OP 
O r' = 0.90, P< 0.01 „ 
B 
Trial 11 M3sat = 3.8 + 0.15 * OP 
r2 = 0.97, P < 0.12 
Trial 8 M3sat = 0.40 + 0.22 * OP 
r2 = 0.99, P < 0.06 
Trial 6 M3sat = 0.50 + 0.48 * OP 
r2 = 0.98, P< 0.01 
Olsen P 
20 40 60 80 
Soil Test P, mg kg"1 
100 120 
Trial 7 M3sat = -42 + 0.10 * TP 
r2 = 0.97, P< 0.01 O. <>A 
Trial 11 M3sat = -11+ 0.04 * TP 
r2 = 0.99, P< 0.01 ^ A 
0/A 
A 
Trial 6 M3sat = -24 + 0.07 * TP À _ / Trial 8 M3sat = -16 + 0.04 * TP 
r2 = 0.93, P< 0.01 r2 = 0.98, P< 0.10 
4/ 
300 400 500 600 700 
Soil Total P, mg kg"1 
Figure 4. Relationship between soil P saturation and soil-test P or total P for 
soils with more than 20 years of P application history. Different capital 
letters indicate linear coefficients are significantly different (P < 0.05). 
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CHAPTER 3: SOIL AND RUNOFF PHOSPHORUS RELATIONSHIPS EVALUATED 
WITH AN INDOOR RAINFALL SIMULATION TECHNIQUE 
A paper to be submitted to the Journal of Environmental Quality 
B. L. Allen, A. P. Mallarino, J. G. Klatt, J. L. Baker, and M. Camara 
ABSTRACT 
Increased soil-test P (STP) and high P application rates can increase P delivery with 
surface runoff from agricultural fields to surface water resources. The objective of this study 
was to characterize soil and runoff P relationships for five typical Iowa soils using an indoor 
rainfall simulation technique. Soil series were Marshall, Nicollet, Fayette, Tama, and Harps 
(calcareous). Soil was collected from the surface 15-cm layer from fields testing low in P 
that had been managed with corn-soybean rotations. Soils were incubated for 30 d at room 
temperature after mixing a solution of mono-ammonium phosphate at rates of 0, 50, 125, 
300, and 600 mg kg"1 P. After incubation, triplicate plastic boxes (82.5 cm length, 42.3 cm 
width, and 7.6 cm depth) were packed with soil to a similar bulk density and moisture 
content, set at a 4% slope, and rained on at 6.5 cm h"1. Before simulated rainfall soils were 
tested for total P (TPS); soil-test P by the Bray-1 (BP), Mehlich-3 (M3P), Olsen (OP), Fe-
oxide impregnated filter paper (FeP), and water-extractable (WP) tests; a P sorption index 
(PSI); the Mehlich-3 P, Fe, and A1 molar ratio P saturation index (M3sat); and the 
ammonium-oxalate P, Fe, and A1 molar ratio P saturation index (DPS0X). At the end of the 
incubation period, soil P (mg kg"1) was 3 - 530 for BP, 10 - 675 for M3P, 4 - 640 for OP, 7 -
43 
507 for FeP, 2 - 568 for WP, and 370 - 1360 for TPS. At the highest P rate, STP/TPS ratios 
(%) across soils were 28 - 50 for BP, 22 - 49 for OP, 36 - 63 for M3P, 29 - 38 for FeP, and 
16 - 41 for WP. Soil P of the calcareous Harps soil measured with OP, WP, and FeP tests 
increased at a greater rate than for other soils. Runoff was collected during 75 min of 
rainfall, and was analyzed for dissolved reactive P (DRP), Fe-oxide impregnated filter paper 
P (BAP), total P (TPR), and total solids (TS). Runoff P (DRP, BAP, or TPR) increased 
linearly with increasing P rate and soil P measured by all tests. Relationships between soil P 
and BAP or DRP were linear for all soil tests, and differences between soils were very small 
and inconsistent. Increases in BAP (mg L"') per mg kg"1 soil P across soils were 0.003 - 0.008 
for BP, 0.005 - 0.007 for OP, 0.003 - 0.005 for M3P, 0.003 - 0.006 for FeP, 0.005 - 0.013 for 
WP, and 0.002 - 0.005 for TPS. However, TPR increases with increasing soil P were 
consistently higher for the Harps soil (0.04 for M3P as an example) compared with 
noncalcarous soils (0.02 - 0.005 M3P). Environmental soil P tests (FeP, WP, PSI, DPS0X, or 
M3sat) were not better correlated with DRP or BAP than routine soil tests. Overall, the 
results showed that P application increased soil P and runoff P loss linearly and that 
differences were small or nonexistent across four noncalcareous soils but TPR was higher for 
the calcareous soil. 
INTRODUCTION 
Phosphorus fertilization often is necessary to increase soil-test P (STP) for optimal 
crop yield and to offset P removed in grain and forage (Barber, 1958; Webb et al., 1992; 
Kamprath, 1999). However, excessive or inappropriate P application has led to water quality 
concerns, namely eutrophication of freshwater resources (Lemunyon and Gilbert, 1993; 
Correll, 1998; Sharpley and Rekolainen, 1997). Increasing concentration of animal 
production in some parts of Iowa and the Corn Belt may necessitate the disposal of manure 
and consequent addition of P to many fields where no additional P is needed for crop 
production. Soil-test P levels continue to increase in the Corn Belt (Killorn et al., 1990; 
Randall et al., 1997; Bundy et al., 2001), and the concentration of confined animal production 
operations may further increase manure application to soils in some areas (Whalen and 
Chang, 2001). The P delivery rate to water bodies is influenced by various source and 
transport factors including P application source; rate and method; soil P levels; field slope; 
soil erosion; surface runoff; subsurface drainage; and proximity to surface waters (Sharpley et 
al., 1994; Sims et al., 1998). The Iowa P Index is one example of an assessment tool 
developed to estimate the relative contribution of various source and transport factors in 
order to assign a risk rating to a particular management area (Mallarino et al., 2002). A better 
understanding is needed to discern relationships between different soil P levels and soil P 
fractions and their potential impact on different P loss fractions. 
The soil P concentration is an important P source factor. Several routine agronomic P 
tests, such as Bray-1 P (BP), Mehlich-3 P (M3P), and Olsen P (OP), are used to predict P 
sufficiency for crops. These tests are designed to extract a P fraction that correlates well with 
plant uptake, but not necessarily with P loss potential. One criticism for using typical 
agronomic soil P extradants for environmental purposes is that they extract P that may, or 
may not, estimate algal-available P (Pote et al., 1995). For example, acid extradants, such as 
for the BP or M3P tests would likely dissolve calcium phosphates that are not water soluble 
and that may not be readily available for algal uptake (Self-Davis et al., 2000). On the other 
hand, water-extractable soil P or agronomic soil tests may not measure particulate P that may 
be available to algae over a relatively short period of time in aquatic environments. Some 
soil P tests have been proposed as environmental P tests. For example, a water-extractable 
test has been extensively used in recent years to study soil P effects on dissolved reactive P 
(DRP) concentrations in runoff (Pote et al., 1996). Dissolved reactive P is orthophosphate P 
usually determined colorimetrically with the Murphy and Riley method (1962). Other so-
called environmental soil P tests use a sink approach to estimate P availability to algae. For 
example, Fe-oxide impregnated filter paper can be used to desorb P from soils, and some 
suggest it has a stronger theoretical justification than chemical extractants for estimating 
algal-available P (Sharpley, 1993; Sharpley, 2000). Sharpley (1993) reported that soil P 
measured with the Fe-oxide impregnated filter paper test (FeP) was closely related to the 
growth of several algal species when surface runoff was the sole source of P. However, 
research results have shown that routine agronomic tests and environmental tests usually are 
well correlated (Atia and Mallarino, 2000; Maquire and Sims, 2002b; Kleinman and 
Sharpley, 2002). 
Soil P that could be desorbed from soil particles and lost from fields with surface 
runoff or water flow down through the soil profile could also be estimated with P 
sorption/desorption isotherm determinations (Holford et al., 1974; Nair et al., 1984). 
However, these methods are time consuming and cannot be implemented as routine tests. An 
alternative, simpler index of P sorption (PSI) can be derived from a single-point isotherm 
shown to be well correlated with P sorption capacity (Bache and Williams, 1971). Also, 
because P is bound to soil Fe and A1 oxides (Lee and Bartlett, 1977; Parfitt, 1978; Sanchez 
and Uehara, 1980), indices of soil P saturation were developed based on P/(Fe+Al) molar 
ratios from an ammonium oxalate (DPS0X) extraction (Schoumans and Groenendijk, 2000) or 
a Mehlich-3 extraction (M3sat) (Khiari et al., 2000; Maguire and Sims, 2002). The M3sat is 
a particularly appealing alternative because the M3 is a routine and widely accepted soil 
extradant for P and several elements, and M3sat often correlates well with DPS0X (Maguire 
and Sims, 2002; Sims et al., 2002). 
The largest losses of P with surface runoff from cropland are generally associated 
with high soil erosion (Andraski and Bundy, 2003; Andraski et al., 2003; Daverede et al., 
2003). Cox and Hendricks (2000) found a direct relationship between sediment and total P 
concentrations in runoff. Iowa field studies (Schuman et al., 1973; Barisas et al. 1978; Baker 
and Laflen, 1982; Johnson and Baker, 1984) and others have shown that considerable P 
transport can take place with surface runoff. However, these studies did not focus on 
relationships between STP and P loss with runoff. Recent research emphasis on these 
relationships has been placed on DRP because it readily influences algal growth in freshwater 
aquatic systems. 
Studies have shown that DRP in runoff increases with increasing STP although P loss 
varies greatly across sites (Sharpley, 1995; Sharpley et al., 1996; Pote et al., 1996; Pote et al., 
1999; Bundy et al., 2001; Miller et al., 2002; Allen and Mallarino, 2004, Chapter 4 of this 
dissertation). This variation occurs due to site-specific soil properties that affect P sorption, 
site hydrology, and management practices. Various management practices impact the 
relationship between soil P levels and loss of dissolved P. Practices that lead to accumulation 
of P at or near the soil surface (such as minimum tillage or broadcast P applications without 
incorporation into the soil) and high water solubility of P sources (Kuykendall et al., 1999; 
Eghball and Gilley, 1999; Sharpley and Moyer, 2000) may increase the risk of P loss. Also, 
the equilibrium between soluble, plant-available, adsorbed, and chemically bound soil P 
varies greatly among soils with different mineralogical and chemical properties. Soil 
properties that result in low P adsorption (such as coarse texture, low concentration of Fe and 
A1 oxides, high P concentration and saturation, among others) increase the potential for 
dissolved P loss (Sharpley et al., 1996; Kleinman et al., 1999; Pote et al., 1999; Vadas and 
Sims, 1999; Cox and Hendricks, 2000; Hooda et al., 2000; Morel et al., 2000; Pautler and 
Sims, 2000; McDowell and Sharpley, 2003; Bôrling et al., 2004). 
Most studies referred to above (based on indoor or field simulated rainfall) showed 
that DRP usually increases linearly as STP increases, and can be as high as 2.0 mg L"1 when 
high rates of fertilizers or manure are not incorporated into the soil. Sometimes, however, at 
STP levels higher than approximately 10 to 15 times the optimum level for crop production, 
dissolved P concentrations can increase curvilinearly with increasing STP. As expected, the 
intercept and slope of reported relationships between DRP and STP vary with management, 
soil properties, depth of soil sampling, and with the test used to measure soil P. For example, 
reported DRP increases range from 0.001 to 0.03 mg L"1 for each mg kg"1 increase of BP or 
M3P. Data from an Iowa site with large manured plots and natural rainfall (Klatt at al., 2000) 
showed a DRP increase of 0.01 mg L"1 for each mg kg"1 BP or M3P increase in the surface 
5-cm of soil (BP and M3P levels were about five times higher than the 16 to 20 mg kg"1 
optimum range for crop production). 
Morel et al. (2000) suggested that estimates of soil/solution transfer of P from 
short-term laboratory studies, such as DPS0X, can be more useful than STP measurements 
across a range of soils with contrasting chemical and mineralogical properties. In their study 
there was little P desorption at low saturation levels (about 10%), and desorbed P increased 
linearly as saturation increased. Furthermore, P saturation accounted for 94% of the 
variability in desorbed P. However, research has shown conflicting results concerning the 
usefulness of low-cost indices of soil P saturation (mainly M3sat and DPS0X) that could be 
used by routine soil test laboratories (Guo and Yost, 1999; Kleinman et al., 1999; Magdoff et 
al, 1999; Pote et al., 1999; Pautler and Sims, 2000). These findings, and their own 
observations in the Netherlands, led Schoumans and Groenendijk (2000) to suggest that 
appropriate, locally calibrated, agronomic soil tests can be used successfully as first 
indicators for P loss, and that their use as environmental risk indicators has significant 
practical advantages because soil test data are widely available and their agronomic 
interpretations are well established. Uncertainty about these issues and lack of solid 
information for Iowa soils led the Iowa P index team to use common agronomic soil P tests 
for the various versions of the Iowa P index (Mallarino et al., 2002). 
Concerns related to surface water quality and excess P inputs to soils warrant further 
study of soil P levels and fractions, and their relationships to different P forms in surface 
runoff for typical Iowa soils. Of particular interest are relationships between soil total P 
(TPS), agronomic or environmental STP, and indices of soil P saturation or sorption, and 
how they relate to runoff P concentrations. A better understanding of these relationships is 
also necessary to maximize the effectiveness of comprehensive management tools such as the 
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P Index. The objective of this study was to characterize soil and runoff P relationships for 
five typical Iowa soils with wide ranges in soil P levels using an indoor rainfall simulation 
technique. 
MATERIALS AND METHODS 
Soil Series 
The soils selected for this indoor rainfall simulation study represent large agricultural 
areas of Iowa and some neighboring states. The soil series were Marshall, Nicollet, Fayette, 
Tama, and Harps (Soil Survey Staff, 2004). The Marshall series (fine-silty, mixed, 
superactive, mesic Typic Hapludolls) consists of well drained, moderately permeable soils 
formed in loess on uplands and high stream benches. Slope ranges from 0 to 20%, and 
surface runoff potential ranges from medium (gentle gradients) to rapid (steep gradients). 
Distribution of Marshall soil includes western Iowa, eastern Nebraska, northwest Missouri, 
and northeastern Kansas. The Nicollet series (fine-loamy mixed superactive, mesic Aquic 
Hapludolls) consists of somewhat poorly drained, moderately permeable soils that formed in 
calcareous loamy glacial till on till plains and glacial moraines. Slope ranges from 0 to 5%, 
and surface runoff potential is considered slow. Distribution of Nicollet soil includes south-
central Minnesota and north-central Iowa. The Fayette series (fine-silty, mixed, superactive, 
mesic Typic Hapludalfs) consists of well drained, moderately permeable soils formed in loess 
on uplands and high stream benches. Slope ranges from 0 to 40%, and surface runoff 
potential is considered medium to rapid. Distribution of Fayette soil includes eastern Iowa, 
southeastern Minnesota, southwestern Wisconsin, and northwestern Illinois. The Tama 
series (fine-silty, mixed, superactive, mesic Typic Argiudolls) consists of well and 
moderately drained, moderately permeable soils formed in loess on uplands and high stream 
benches. Slope ranges from 0 to 20%, and surface runoff potential is considered medium to 
rapid. Distribution of Tama soil includes large areas in Iowa and Illinois, and small areas in 
Minnesota and Wisconsin. The Harps series (fine-loamy, mixed, superactive, mesic Typic 
Calciaquaolls) consists of poorly drained, moderately permeable soils formed in glacial till or 
alluvium on uplands. Slope ranges from 0 to 3%, and surface runoff potential is considered 
slow. Distribution of Harps soil is primarily from central Iowa to south-central Minnesota. 
Soil Sampling and Analysis 
Approximately 1000 kg of each soil series was collected from Iowa fields to a depth 
of 15 cm and placed in 200-L plastic containers. The fields sampled were selected to have 
soil-test P less than very high (for example, <31 mg kg"1 M3P or 21 mg kg"1 OP) according to 
Iowa interpretations (Sawyer et al., 2002) and to have been managed in a corn-soybean 
rotation harvested for grain and with chisel-plow/disk tillage for at least 10 years. Nicollet 
soil was collected near Boone, Marshall soil was collected near Lewis, Fayette soil was 
collected near Dubuque, Tama soil was collected near Marshalltown, and Harps soil was 
collected near Kanawha. Table 1 provides further details of soil properties. 
Undried soil was sieved through a 1.3-cm size screen and the moisture content was 
determined. Batches of each soil that would represent three treatment replications were 
incubated with P fertilizer rates of 0, 50, 125, 300, and 600 mg kg"1 P on an oven-dry soil 
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weight basis. Soils that received P application were placed in a portable cement mixer, 
sprayed with an appropriate quantity of mono-ammonium phosphate (MAP) solution so that 
the final moisture did not exceed field moisture capacity, and mixed thoroughly. The check 
(no P added) and fertilized soils were placed into plastic bags for storage in plastic containers 
in a storage room at ambient temperature for 30 d. The P application and incubations were 
done so that the incubation period matched the pace of the subsequent rainfall simulation 
work. 
Approximately 1 kg soil was sampled for soil analyses from the incubated bulk soil-
treatment combination immediately before each rainfall event. The samples were oven-dried 
at 65° C and crushed to pass through a 2-mm sieve. These crushed samples were used for all 
soil tests, except TPS and organic C analyses. For these tests, soil subsamples were further 
crushed to pass a 0.5-mm screen. Soils were analyzed for BP, M3P, and OP following 
procedures recommended for the North Central Region (Brown, 1998) by the North Central 
Regional Committee for Soil Testing and Plant Analysis (NCR-13). For the BP test, 1 g of 
soil was extracted with 10 mL of 0.03 MNH4F and 0.025 MHC1 by shaking for 5 min. For 
the OP test, 1 g of soil was extracted with 20 mL of 0.5 MNaHC03 (pH 8.5) by shaking for 
3 0  m i n .  F o r  t h e  M 3 P ,  1  g  o f  s o i l  w a s  e x t r a c t e d  w i t h  1 0  m L  o f  0 . 2  M C H 3 C O O H ,  0 . 2 5  M  
NH4N03, 0.015 MNH4F, 0.013 MHN03, and 0.001 MEDTA by shaking for 5 min. All 
extracts were filtered through a Whatman No. 42 filter paper, and extracted P was determined 
colorimetrically with the ammonium-molybdate ascorbic-acid method (Murphy and Riley, 
1962). 
Soil was also tested for water-extractable P (WP) with the procedure describe by Pote 
et al. (1996) and for FeP with the procedure described by Chardon (2000). Briefly, for the 
WP test 1 g of soil was mixed with 25 mL of deionized water, shaken end-over-end for 1 h, 
centrifuged for 5 min, and filtered through Whatman no. 42 filter paper. For the FeP test, Fe-
oxide impregnated filter paper was prepared by immersing discs (5.5-cm diam., Whatman 
No. 50) in a solution containing 10 g FeCl3*6H20 in 100 mL deionized water. The paper 
discs were removed from the solution, dried, immersed in a 2.7 MNH4OH solution, and air-
dried. The FeP was determined by placing an Fe-impregnated paper disc into a mixture of 
1 g soil and 40 mL 0.01 M CaCl2, shaking end-over-end for 16 h, removing the disc, rinsing 
to detach any soil particles, air drying the disc, and removing P from the disc by shaking it for 
1 h in 40 mL 0.1 MH2S04. Phosphorus in all extracts was determined colorimetrically with 
the ammonium-molybdate ascorbic-acid method (Murphy and Riley, 1962). 
Soil P sorption was estimated with the PSI method described by Bache and Williams 
(1971) recently recommended and re-described with minor modifications for environmental 
P studies by Sims (2000). Twenty mL of a 75 mg P L"1 solution was added to 1 g soil, shaken 
f o r  1 8  h ,  a n d  f i l t e r e d  t h r o u g h  a  0 . 4 5 - | i m  f i l t e r .  T h e  P S I  w a s  c a l c u l a t e d  a s  q / ( l o g  O ) ,  w h e r e  q  
is the amount of P sorbed and C is the equilibrium P concentration. Soil P saturation was 
estimated with both the M3sat and DPS0X methods. The M3sat was calculated using the 
molar-ratio [PM3/(FeM3+AlM3)]»100 (Khiari et al., 2000; Maguire and Sims, 2002). The DPS0X 
was calculated using the molar-ratio [Pox/0.5(Feox+Alox)]*100 (Schoumans, 2000). The TPS 
was determined with the alkaline-oxidation digestion procedure (Dick and Tabatabai, 1977) 
adapted to an aluminum digestion block (Cihacek and Lizotte, 1991). All soil extracts were 
analyzed for P colorimetrically with the ammonium-molybdate ascorbic-acid method 
(Murphy and Riley, 1962). Extractable Fe and A1 from Mehlich-3 and ammonium-oxalate 
tests were measured by atomic absorption spectroscopy. 
Soil samples from control (no P added) treatments were also analyzed for soil 
characterization purposes. Total C was determined by a combustion method based on the 
procedure of Wang and Anderson (1998). Soil texture was determined by the particle size 
distribution (Walter et al., 1978). Calcium carbonate was determined using the pressure-
calcimeter method (Sherrod et al., 2002). Soil specific surface area was estimated with the 
method described by Cihacek and Bremner (1979). Soil pH (1:1 soil:water ratio) and 
ammonium-acetate extractable K, Ca, and Mg were determined as recommended by the 
NCR-13 committee (Brown, 1998). 
Rainfall Simulations and Surface Runoff Analysis 
Plastic boxes measuring 82.5 cm (length) by 42.3 cm (width) were packed with a 
predetermined mass of incubated soil to an approximate bulk density of 1.1 g cm3 and a 
moisture content of 9.5% (dry weight basis). The bottoms of the plastic boxes were first 
layered with 3.8 cm of silica sand, then cheesecloth and window screen, followed by three 
equal masses of soil compacted into three successive layers to a total soil thickness of 7.6 cm 
A 0.95-cm diameter perforated drain tube was placed into the bottom of each box for 
subsurface drainage. The boxes were set at a 4% slope and positioned 3.05 m below the 
rainfall simulator nozzles. Runoff water and sediment flowed through two plastic tubes 
attached to each box at the soil surface and into bottles placed on a balance that was 
connected to a data logger. Two soil runoff boxes packed with soil from the same series 
were rained on at each simulated rainfall event. For example, two replications of one 
treatment and soil were rained on at the same event, and the third replication of that treatment 
and one replication of the next treatment were rained on in the subsequent rainfall event. 
Rainfall simulations were conducted at room temperature and similar conditions at an 
intensity of 6.5 cm h"1 and runoff was collected during 75 min. The indoor simulator 
consisted of 12 nozzles (Vee-Jet Spraying Systems 80100) arranged in a four by three nozzle 
grid. Nozzle spacing was 110 cm for the four nozzles along the width (x-axis) and 77 cm 
between the three rows (y-axis). Nozzles swept back and forth in a 90° arc at 1 oscillation 
per second. Tap water was used for all simulations (DRP < 0.01 mg L"1). Surface runoff was 
collected in total into a series of 1-L pre-weighed polyethylene bottles which were then re-
weighed. Samples taken about every 3 min were combined into seven composite samples in 
order to reduce the number to a manageable amount for subsequent analysis. Flow-weighted 
mean P concentrations of these seven samples were used for this study. Only runoff P 
concentrations are shown and discussed because they were flow-weighted and because in this 
type of study flow volumes are highly affected by soil handling and packing and 
interpretations are questionable. Average flow volumes for Nicollet, Marshall, Fayette, 
Tama, and Harps soils (relative to a rainfall volume of 28.4 L) were 18.9, 21.2, 20.3, 19.6, 
and 17.6 L, respectively. 
Surface runoff samples were shaken vigorously and a subsample was filtered 
(0.45-jim) for DRP colorimetric analysis by the ammonium-molybdate ascorbic-acid method 
(Murphy and Riley, 1962). Unfiltered runoff samples were analyzed for P with the FeP 
method and TPR. Several authors (Menon et al, 1997; Sharpley 1993; Meyers, 1997) refer to 
P extracted from unfiltered runoff with the FeP method described before as bioavailable P 
(BAP). An Fe-oxide impregnated filter paper disc was placed into a 50-mL centrifuge tube 
with 40 mL of runoff, shaken end-over-end for 16 h. The disc was removed and air dried, 
and P was removed from the disc as described before. The TPR (digested in 
persulfate/sulfuric acid solution), total solids (TS) and total dissolved solids (TDS) in runoff 
were analyzed following the methods of the American Public Health Association (APHA, 
1998). Suspended solids (SS) were estimated by calculating the difference between TS and 
TDS. Phosphorus in extracts for both BAP and TPR were analyzed for P colorimetrically by 
the ammonium-molybdate ascorbic-acid method (Murphy and Riley, 1962). 
Statistical Analysis 
All soil and runoff analysis were performed in duplicate. Means of duplicate samples 
were used for simple correlation and regression (linear and quadratic as needed) within or 
across soil series with the GLM procedure of SAS (SAS Institute, 1999) with a Bonferroni 
test when tests of differences of slopes were necessary. Treatment means and regression lines 
for each soil series are shown in figures. Equations and statistics are shown in tables. 
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RESULTS AND DISCUSSION 
Basic Characterization of Untreated Soil 
Soil texture ranged from loam to silty-clay-loam across soils, and clay content ranged 
from 241 to 289 g kg"1 (Table 1). Specific surface area was lowest for the Nicollet and 
Fayette soils (24 and 25 m2 g"1), intermediate for the Marshall and Tama soils (32 m2 g"1), and 
considerably higher for the Harps soil (96 m2 g"1). The Feox was lower in the somewhat 
poorly drained Nicollet (1.0 g kg"1) and poorly drained Harps (0.05 g kg"1) soils compared to 
the other well drained soils (>2.0 g kg"1), probably due to mineralogy differences in the parent 
material or because Fe released by weathering was more likely to remain as Fe2+ (more 
soluble than Fe3+) and was leached from the surface horizons. The Alox was almost the same 
for the five soils and ranged from 0.8 to 1.2 g kg"1. Mehlich-3 extractable Fe and A1 followed 
similar trends across soils to Feox and Alox, although more A1 than Fe was extracted in 
noncalcareous soils. Total C was lowest for the Fayette soil (13 g kg"1), intermediate for the 
Marshall, Nicollet and Tama soils (23 to 28 g kg"1), and highest for the Harps soil (40 g kg"1). 
Soil pH was slightly acidic for the Nicollet and Fayette soils (6.0 and 6.3 pH, respectively), 
near neutral for the Marshall and Tama soils (7.0 and 7.1 pH, respectively), and alkaline for 
the Harps soil (8.0 pH). Calcium carbonate was high for the high-pH and calcareous Harps 
soil (67 g kg"1) and very low for other soils (2 to 7 g kg"1). 
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Treatment Effects on Soil P 
The TPS of untreated soil was lowest in the Fayette and Nicollet soils (374 and 437 
mg kg"1, respectively), intermediate in the Marshall and Tama soils (515 and 535 mg kg"1, 
respectively), and highest in the Harps soil (689 mg kg"1). These differences likely are the 
result of a combination of soil formation factors and management factors because farmers 
indicated all soils have been under production agriculture for at least six decades. 
Soil analyses at the end of the 30-d incubation period confirmed expectations of an 
increase in extractable P with P application measured by all tests in all soils of the study. 
Results for WP, FeP, and TPS are shown in Fig. 1 and Table 2. Results for the three routine 
agronomic soil P tests are shown in Fig. 2 and Table 3. Phosphorus application increased soil 
P measured by all extradants. Across all soils, at the end of the incubation period soil P 
ranged from 3 to 530 mg kg"1 for BP, 4 to 640 mg kg"1 for OP, 10 to 675 mg kg"1 for M3P, 7 
to 507 mg kg"1 for FeP, 2 to 568 mg kg"1 for WP, and 370 to 1360 mg kg"1 for TPS. 
Extractable P by all tests increased linearly (P <0.05) as P application increased for all soils. 
Although slight curvilinear trends sometimes are apparent (for example, WP and OP increase 
for the Harps soil), a curvilinear trend such as a quadratic equation did not significantly 
improved the fit of a linear model in any case. Linear coefficients (mg kg"1 soil P per kg ha"1 
P applied) ranged from 0.9 to 1.1 for TPS, 0.3 to 0.9 for WP, 0.5 to 0.8 for FeP, 0.6 to 1.0 for 
M3P, 0.6 to 0.8 for BP, and 0.4 to 1.1 for OP. These coefficients express the soil P change 
per unit of P applied. Study across soils of trends shown in Fig. 1 and 2 and linear 
coefficients in Tables 2 and 3 indicates that large differences were observed only for the 
Harps soil (calcareous) and only for some tests. Extracted P with FeP, WP, and OP increased 
at a greater rate for the Harps soil ( P  <  0.05). Linear coefficients for BP, M3P, or TPS across 
soils did not differ or differences were small and inconsistent. For example, the BP increase 
with increasing P application was slightly lower for the Tama and Harps soils, while the M3P 
increase was slightly lower for the Marshall and Tama soils. 
The higher soil FeP, WP, and OP increase with increasing P rate in the Harps 
(calcareous) compared with either other soils or the BP and M3P extradants cannot be clearly 
explained, and may be the result of several interacting factors. A relatively lower P 
extraction by BP and M3P in this soil could be explained by a partial neutralization of the 
acidic extractants by CaC03. Also, we observed a decrease in pH due to the P application 
(MAP) in these soils (not shown), which was more marked for the Harps soil (pH 8.0 for the 
check and pH 7.0 for the highest P rate). Thus, an induced dissolution of CaC03-bound P as 
the pH decreased could have affected the Harps soil more than other soils. Other factors 
could have also played a role. For example, the Harps soil had the highest OM and the 
lowest extractable Fe and A1 (Table 1). Organic matter can decrease P sorption by coating 
calcite particles leading to more P in available pools as measured by some tests (Daly et al., 
2001; Huang and Schnitzer, 1986; Robbins et al., 1999). 
Among the noncalcareous soils, higher extracted P increases were expected for the 
Nicollet soil due to higher OM and lower Fe and A1 (Table 1), because P sorption could be 
lower. However, this trend was detected (P < 0.05) only for WP (Fig. 1, Table 2). In 
contrast, although only for M3P, the Fayette soil had a significantly greater slope than the 
Nicollet soil (and all other noncalcareous soils) despite having higher extractable Fe and A1 
and lower OM. The methods used do not allow for supported explanations for these results, 
and reasons could be related to differences in mineralogy and type or chemical composition 
of OM. For example, Singh and Jones (1976) reported that organic residues containing more 
than 0.3% P decreased P sorption while organic residues containing less than 0.3% P 
increased P sorption. 
Calculations of the fraction of TPS extracted with the other tests increased linearly 
with increasing P application for all soils. The STP/TPS ratio across soils when no P was 
applied ranged from 0.6 to 4.6% for BP, 0.9 to 2.8% for OP, 2.7 to 5.2% for M3P, 1.5 to 
3.7% for FeP, and 0.5 to 1.1% for WP. However, when P was applied at the highest rate, the 
STP/TPS ratios across all soils ranged from 28 to 50% for BP, 22 to 49% for OP, 36 to 63% 
for M3P, 29 to 38% for FeP, and 16 to 41% for WP. Other studies also have reported that the 
proportion of STP in TPS increases with P application. Sharpley et al. (1984) reported the 
proportion of TPS as BP increased from 4% (0 kg P ha"1) to 29% (2.1 Mg cumulative P ha"1) 
in the surface 30 cm in a study where cattle manure was applied annually over a 5-yr period 
to a clay loam soil in Texas. Whalen and Chang (2001) reported the proportion of TPS as OP 
increased from 13% (0 kg P ha"1) to 27% (5.1 Mg cumulative P ha"1) in the surface 15 cm in a 
study where cattle manure was applied annually over a 16-yr period to a clay loam soil in 
southern Alberta, Canada. We also found increasing STP/TPS ratios with increasing P 
application in Iowa long-term field studies (Allen and Mallarino, 2004, Chapter 2 of this 
dissertation), although differences were much larger in this short-term incubation study. 
Increasing P application decreased P sorption and increased soil P saturation as 
evaluated by DPSox, M3sat, and PSI indices (Fig. 3; Table 4). Furthermore, trends were 
linear (P < 0.05) for all tests and soils, indicating that the change in P sorption or P saturation 
was directly related to the P application rate. An apparent weak curvilinear trend shown by 
PSI for most soils (except Harps) was not significantly better (P<0.05) than the linear trend. 
Tests of slopes across soils indicated that the rate of change was higher for the Harps soils 
when measured with the DPSox and M3sat indices but not with PSI. Moreover, both DPS0X 
and PSI showed clear differences for the calcareous Harps soil when no P was applied, but 
M3sat did not. These results indicate that in this soil the two indices based on extractable 
P/Fe+Al molar ratios are more sensitive to an increase in P application rate than the PSI 
index, and that the M3sat index is even more sensitive than the DPS0X index. These 
differences could be explained mainly by differences in P, Fe, and A1 extracted from the 
Harps calcareous soil by the oxalate and M3 extractants. Data in Table 1 indicate that, in 
relative terms to other soils, although oxalate extracted proportionably more P, Fe, and A1 
from the Harps soil than the M3 extradant, the difference was proportionally higher for P. 
The PSI, which is based on a one-point sorption/desorption value, did not show such a 
difference for the Harps soil (Fig. 3). The highest increase in P saturation shown by M3sat 
and DPS0X indices at high P application rates coincides with relationships between WP, FeP, 
and OP shown in Figs. 1 and 2. The lack of a clear distinction between the Harps soil and 
other soils by the PSI index are in partial agreement with relationships between BP or M3P 
and P application rates in Figs. 1 and 2. 
For noncalcareous soils, DPS0X linear coefficients for Nicollet soil were slightly 
higher than for other soils, as would be expected from its lower PSI, lower extractable Fe and 
Al, and higher OM content (Fig. 3, Table 4). However, M3sat linear coefficients for the 
Nicollet soil were similar to other soils, and the Fayette soil had a significantly greater slope 
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than Marshall and Tama soils. All noncalcareous soils followed the same trend as previously 
shown between M3P and P rate (Fig. 2), agreeing with observations that M3 extractable Fe 
and A1 remained relatively constant over the ranges of P applied (data not shown). 
Interpretations based on DPS0X and PSI suggest that among the noncalcareous soils, as P rate 
increased, Nicollet had highest risk of dissolved P loss and Tama the least. Interpretations 
based on M3sat showed that Fayette had a higher potential for dissolved P loss than Tama as 
the P rate increased. 
Table 5 summarizes relationships between P application rates and all soil P tests 
across all soils and only noncalcareous soils (excluding the Harps soil) by showing simple 
correlation coefficients. In spite of differences discussed for some soil P tests mainly 
pertaining to the Harps soil, Table 5 indicates that there was a high degree of correlation 
among soil P measurements (and with P application rate) across all soils. For example, the 
lowest correlation coefficient was 0.62 (BP vs. M3sat) and the next lowest was 0.70 (BP vs. 
DPS0X). When the Harps soil was excluded, however, correlations generally improved 
considerably and coefficients were 0.90 or higher, except for correlations between TPS with 
any of the three P sorption or saturation indices (a result that should be expected). 
Phosphorus Application Effects on Runoff P 
Runoff P concentrations increased linearly upon P application as measured by all tests 
(BAP, DRP, and TPR) and for all soils (Fig. 4, Table 6). The rainfall intensity (65 mm h"1) 
and duration (75 min) considered in this study represent an estimated rainfall recurrence 
interval of 25 yr for the geographic regions of Iowa where soil samples were collected (Huff 
and Angel, 1992). The linear coefficients of the relationships express the runoff P change per 
unit of P applied (mg L"1 runoff P per mg kg"1 applied P), and ranged across soils from 0.0016 
to 0.0037 for DRP, 0.002 to 0.005 for BAP, and 0.004 to 0.037 for TPR. The Harps soil had 
consistently higher increases for DRP, BAP, and TPR, two to three fold higher than for 
noncalcareous soils. These results indicate that runoff water removes proportionally more 
easily desorbable P from the Harps soil even though the P application rate was the same 
across soils. Results for TPR suggest that particulate P also increases relatively more for the 
Harps soil as P application increases because the slope was 3.7 fold higher compared with 
other soils. These results suggest that Harps soil poses a substantially higher risk than the 
noncalcareous soils for P loss to surface runoff at increasing P rates if field slopes and 
management were similar. 
For noncalcareous soils, the BAP linear coefficients were on average 1.5 times higher 
than those for DRP, while TPR linear coefficients ranged from 1.5 to 5.6 times higher than 
BAP, and 2.4 to 6.3 times higher than DRP (Fig. 4; Table 6). Runoff DRP, BAP, and TPR 
slope differences (P < 0.05) among the noncalcareous soils were very small and usually not 
significant. The increase of DRP with increasing P rate was highest (P < 0.05) for Fayette 
and lowest for Nicollet and Tama, while the increase for Marshall was intermediate. The 
increase for BAP was highest for Fayette and Marshall, lowest for Tama, and intermediate for 
Nicollet. The TPR increase was highest for the Tama, lowest for the Nicollet, and 
intermediate for the Fayette and Marshall soils. The higher rate of TPR change for Tama is 
probably related to particulate P loss, because this soil had the lowest slopes for DRP and 
BAP. The loess-derived Tama soil had higher clay and TPS content soil compared to the 
other noncalcareous soils. Smaller particles are typically more enriched with P than larger 
particles. Although Fayette soil had higher runoff concentrations of DRP and BAP, TPR was 
similar to other noncalcareous soils indicating a larger proportion of dissolved or easily 
desorbed P (Fig 4, Table 6). 
We also found that as P rate increased, the ratios of DRP/TPR and BAP/TPR 
increased linearly for three of four noncalcareous soils (data not shown), although trends 
were less clearly defined for the Harps and Tama soils. For Marshall, Nicollet, and Fayette 
soils, for example, DRP/TPR ratios without P application ranged from 0.03 to 0.07 but 
increased to range from 0.17 to 0.30 with the highest P application rate. Similarly, the 
BAP/TPR ratio increased from a range of 0.07 to 0.10 without P application to a range of 
0.29 to 0.48 with the high P rate. Andraski et al. (2003) found similar results on silt-loam 
Wisconsin soils, where DRP/TPR increased from 0.04 to 0.15 and BAP/TPR increased from 
0.10 to 0.23 as P application increased. Hence, the risk for P loss in the DRP and BAP runoff 
fraction increases at a proportionally greater rate when the P application (and soil P level) 
increases. 
Relationships Between Surface Runoff P and Soil P 
Runoff P concentration measured as DRP, BAP, or TPR always increased linearly 
(P <0.05) with increasing soil P measured by all tests (TPS, BP, M3P, OP, FeP, and WP). As 
expected, the amounts of P measured in runoff as DRP, BAP, and TPR were very different 
across soils (as was seen in Fig. 4). However, only in a few instances linear coefficients of 
the relationships differed across soils, and when this happened differences were small and the 
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ranking was similar for most soil tests. Because of this result and the large number of 
possible comparisons, data for selected relationships are shown in tables and figures. 
Relationships between DRP or BAP increased linearly with increasing M3P, OP, and 
FeP (Figs. 5 and 6 and in Tables 7 and 8). Relationships for BP and WP are not shown 
because trends for BP were similar to those for M3P and those for WP were similar to those 
for OP or FeP. The BAP concentrations were on average 1.5 times higher than those for 
DRP. Andraski et al. (2003) found BAP concentrations were 1.2 times higher than DRP for 
silt-loam soil in Wisconsin. Relationships between BAP and DRP with soil P usually were 
similar for all soil tests or the differences were very small, inconsistent, or difficult to 
explain. For DRP (Fig. 5; Table 7), the only meaningful observed differences were a steeper 
slope for Harps compared with other soils for M3P, and slightly steeper slopes for both 
Fayette and Harps compared with other soils for FeP. For BAP (Fig. 6; Table 8), the only 
observed differences (P <0.05) were steeper increases for Fayette than for Harps soils when 
soil P was measured with OP, and steeper increases for both Fayette and Harps compared to 
Tama when soil P was measured with FeP. 
The smaller and inconsistent differences in BAP and DRP between the Harps soil and 
other soils seems to disagree with data in Fig. 4 showing larger runoff P concentrations for 
the Harps soil than for other soils at high P application rates. However, careful observation 
of data in Figs. 5 and 6 shows that although differences in slopes between soils are smaller or 
nonexistent, the OP and FeP tests (and also WP, not shown) measured higher soil P 
concentrations in the Harps soil than in other soils, and that runoff P concentrations at these 
high levels are larger. Possible reasons for differences in measured soil P between tests were 
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discussed above. 
The literature provides conflicting reports concerning linear or non-linear trends for 
increases of runoff P as soil P increases. Our results showed linear trends for all soils and 
tests. Some reports indicate that runoff P concentration may increase at a greater rate once a 
threshold STP level is reached, which is often referred to as a "change point". For instance, 
Sims et al. (2002) found DRP concentrations increased rapidly above 150 mg kg"1 M3P in 
silt-loam and loamy-sand Delaware soils that received simulated rainfall in the field. The 
Delaware soils were generally more weathered, acidic, coarse-textured, and lower in OM than 
the soils in our study. McDowell et al. (2001) stated that often it is difficult to detect a 
change point, and that at least eight very different soil P levels encompassing an appropriate 
range would be required to calculate a change point with reasonable accuracy. Although our 
study included only five levels of P, no indication of a change point was apparent for any of 
the soils. Andraski and Bundy (2003) also reported linear increases for runoff DRP 
concentrations with increasing soil P in a field rainfall simulation study conducted on 
noncalcareous silt-loam Wisconsin soils that tested up to 130 mg kg"1 BP. The reported 
linear coefficient was 0.0024 mg L"1 DRP per mg kg"1 BP, which was within DRP linear 
coefficients in our study (0.0021 to 0.0028 mg L"1 per mg kg"1 BP across soils). Interestingly, 
in the same study, Andraski and Bundy (2003) reported higher increases of DRP for a 
calcareous (pH 7.5) silty-clay-loam soil compared with the previously mentioned 
noncalcareous soils. Their linear coefficient of 0.012 mg L"1 per mg kg"1 BP (they did not use 
OP or other tests we used), was higher than the DRP linear coefficient 0.006 mg L"1 per mg 
kg"1 BP observed for the calcareous Harps soil in our study (data not shown). Andraski and 
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Bundy (2003) calculated that a DRP concentration of 1 mg L"1 was obtained at 410 BP (0 - 15 
cm depth) for noncalcarous soils in their Wisconsin study. Similar calculations for our study 
for BP would yield 383 mg kg"1 for Marshall soil, 453 mg kg"1 for Nicollet soil, 345 mg kg"1 
for Tama soil, and 339 mg kg"1 for Fayette soil. 
The TPR concentrations increased linearly with increasing M3P, OP, and FeP (Fig. 7, 
Table 9). Linear coefficients (mg L"1 TPR per mg kg"1 STP) ranged from 0.005 to 0.038 
(M3P), 0.009 to 0.033 (OP), and 0.007 to 0.043 (FeP). In contrast to results for DRP and 
BAP, linear coefficients for the Harps soil were consistently higher (P < 0.05) than for other 
soils. Because of lack of large differences for DRP and BAP, differences for TPR should be 
explained by increased loss of particulate P from Harps soil. However, average results across 
P rates for TS and TDS shown in Table 10 shows that both Fayette and Harps soils had the 
highest total sediment and suspended sediment loss among the soils in the study. Perhaps 
higher P enrichment of sediment for the Harps soil, because it had the highest clay and OM 
content as well as the highest specific surface (Table 1), could explain the results. 
Differences, or lack of differences, between linear coefficients across the noncalcareous soils 
generally followed the same trend for M3P, OP, and FeP (Fig. 7). The Tama soil consistently 
had a higher (P < 0.05) linear coefficient for TPR than the Nicollet soil despite having shown 
similar linear coefficients for DRP and BAP. This might be explained by a relatively higher 
silt and clay content of the Tama soil (Table 1) in spite of similar total solids concentration in 
runoff (Table 10) as small particles tend to be more enriched in P than larger particles. 
Among noncalcarous soils (excluding Harps), calculations from data in Figs. 5, 6, and 
7 indicate that a greater proportion of TPR was accounted for by BAP or DRP for the Fayette 
soil compared to the Tama soil. The Fayette soil tended to have higher or similar BAP or 
DRP increases with increasing soil P compared with the Tama soils (Figs. 5 and 6; Table 7 
and 8) but consistently had lower TPR increases than the Tama soil although this difference 
did not achieve statistical significance for the FeP test (Fig. 7, Table 9). These results suggest 
that P concentrations in sediment from Fayette soil are comparatively lower because total 
solids in runoff was higher than for other soils. The higher TS concentration in sediment 
from the Fayette soil might be related to the relatively lower Ca and OM (Table 1), which 
have been shown to be inversely correlated with soil slaking and soil dispersion (McDowell 
and Sharpley, 2003). These results also suggest that higher sorption of the Tama soil 
probably led to lower P loss as BAP and DRP, but in relatively larger TPR losses because of 
P enrichment of sediment. Conversely, the Fayette soil showed relatively high concentrations 
of P in readily extractable pools (DRP and BAP), but TPR remained relatively low despite 
higher sediment loss. Although these results should only be carefully extrapolated to field 
conditions, we suggest that Fayette and Tama soil may warrant different management 
strategies to reduce P loss at increasing levels of STP. 
Runoff P increased as TPS increased, and the relationships were linear (P <0.05) for 
DRP, BAP, or TPR (Fig. 8, Table 11). Linear coefficients (mg L"1 DRP, BAP, or TPR per 
mg kg"1 TPS) ranged from 0.0017 to 0.0035 for DRP, 0.0019 to 0.0045 for BAP, and 0.004 to 
0.035 for TPR. Initial TPS levels among all soils varied by as much as 315 mg kg"1, yet DRP 
and BAP losses were low and similar for all soils (Fig. 8; Table 11). As TPS increased, 
however, the Harps soil was more prone to P loss than noncalcareous soils. This trend was 
especially obvious for TPR, for which P concentrations in runoff increased at a rate 5.2 times 
greater than for noncalcareous soils. This could partially be explained by high levels of OM 
coating calcite particles, thereby limiting P sorption (Daly et al., 2001; Huang and Schnitzer, 
1986; Robbins et al., 1999). Although overall TPR levels with P application and the rate of 
increase with increasing TPS for the Fayette were similar to other noncalcareous soils, DRP 
concentrations and rate of increase were higher than for other soils (P < 0.05). A similar 
trend was observed for BAP, although statistical differences were identified only between the 
Fayette and Tama soils. For noncalcareous soils, the rate of increase of TPR with increasing 
TPS differed only between the Tama soil (higher) and Nicollet soil (lower). However, at low 
TPS levels, the Tama soil showed lower TPR losses than other soils, indicating a lower 
environmental risk at lower TPS levels. 
Table 12 summarizes relationships between runoff P concentrations (DRP, BAP, and 
TPR) and the soil P extractants across all soils and only across noncalcareous soils (excluding 
the Harps soil) by showing simple correlation coefficients. Agronomic and environmental 
soil P tests were highly correlated with BAP and DRP across all soils (0.82 to 0.97), and 
excluding the Harps soil resulted in relatively minor improvements (0.88 to 0.97). However, 
correlations involving TPR tended to be lower either across all soils or when Harps soil was 
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excluded. Excluding the Harps soil resulted in large TPR correlation improvements mainly 
for BP and M3P. 
Relationships Between Surface Runoff P and Soil P Saturation Indices 
Relationships between DRP concentrations in runoff and DPSox, MSPsat, or PSI were 
linear (Fig. 9, Table 13). Dissolved reactive P in runoff increased with increasing DPS0X and 
M3sat. Trends and differences between soils for BAP were similar to those for DRP for all 
soil tests, and results are not shown. However, BAP concentrations were on average 1.5 
times higher than those for DRP. Linear coefficients for DRP ranged from 0.015 to 0.027 for 
DPS0X, 0.012 to 0.024 for M3sat, and -0.008 to -0.021 for PSI. Study of relationships across 
soils show two obvious differences. One difference is that relationships for the DPS0X and 
M3sat P saturation indices for the Harps soil clearly deviate from those for other soils. The 
slope of the DRP vs. DPS0X relationship for the Nicollet soil was lower than for all other 
soils, and a specific DRP value for the Harps soil corresponded with a much higher DPS0X 
value than for all other soils. Dissolved reactive P values were similar at low M3sat values 
for all soils but increased at a slower rate for the calcareous Harps soil. As was discussed 
before, the differences between DPS0X and M3sat for the Harps soil are explained mainly by a 
consistently higher oxalate-extractable P (150 to 250 mg kg"1) than for other soils. The lower 
DRP value for the Nicollet soil at comparable DPS0X values than for other noncalcareous soils 
was much less pronounced for the M3sat P saturation index. Oxalate-extractable P for the 
Nicollet soil was similar to other soils, although oxalate extractable Fe and A1 were only half 
that of the other soils (Table 1). Peltovuori et al. (2001) also found that DPS0X overestimated 
P saturation in poorly weathered noncalcareous Finland soils. Probably as soil P level 
increased the oxalate extracted a relatively larger amount of P than the M3 extradant from 
some unknown soil P pool. 
Relationships between DRP and the PSI index showed contrasting differences only 
for the Harps and Nicollet soils, and differences were somewhat intermediate to those 
discussed for DPS0X and M3sat (Fig. 9; Table 13). Dissolved reactive P decreased with 
70 
decreasing P sorption (i.e., increasing PSI values) at a much faster rate for the Harps soil than 
for the Nicollet soil. Several interacting factors in addition to those discussed above that 
cannot be identified with certainty with the methods used in this study probably influenced 
differences described. For example, the Nicollet soil had the lowest pH of all soils, and P 
sorption to Fe and A1 oxides reportedly increases with decreasing pH (Mora and Canales, 
1995). Also, specific surface area was much higher for the Harps soils compared with the 
Nicollet and all other soils. 
Table 14 summarizes correlations between DRP, BAP and TPR with the P sorption or 
saturation indices across all soils. Mainly because of large differences already discussed for 
the Harps soil, DPS0X, PSI, and M3sat correlated well with BAP and DRP concentrations 
across soils when the calcareous Harps soil was excluded. Including the Harps soil generally 
resulted in weaker correlations. As expected, correlations between TPR and the P sorption or 
saturation indices were poorer. Sometimes it is suggested that using P sorption or saturation 
indices would provide more similar relationships with DRP or BAP in runoff than using 
common soil P tests. This was not the case in our study. On the contrary, if one calibration 
were used across soils, the agronomic soil tests and environmental soil tests such as FeP and 
WP would result in less error than using any of the saturation indices. 
CONCLUSIONS 
Phosphorus application to five Iowa soils in this indoor rainfall simulation study 
increased TPS and soil P extracted with routine tests (BP, M3P, and OP) and recently 
proposed environmental tests (FeP and WP). Values of all tests increased linearly as the P 
application rate increased for all soils. The fraction of TPS extracted with the other tests 
increased with increasing P application rate. At the highest P rate, STP/TPS ratios across 
soils ranged from 28 to 50% for BP, 22 to 49% for OP, 36 to 63% for M3P, 29 to 38% for 
FeP, and 16 to 41% for WP. Soil P of the calcareous Harps soil measured with OP, WP, and 
FeP tests increased at greater rate than for noncalcareous soils. Rates of soil P increase did 
not differ or differences were very small for the noncalcareous soils. Explanations for 
different results for BP and M3P for the Harps soil could involve partial neutralization of the 
acidic BP and M3P extradants by CaC03 and induced dissolution of CaC03-bound P as a 
result of a soil pH decrease after MAP application. This pH decrease probably affected P 
extraction less in the noncalcarous soils than in the Harps soil. Increasing P application rates 
increased soil P saturation linearly as evaluated by DPSox, M3sat, and PSI indices for all 
soils. The rate of change was higher for the Harps soil when measured with the DPSox and 
M3sat indices but not with PSI. This result suggests higher sensitivity of indices based on 
extractable P/Fe+Al molar ratios to an increase in P application rate in calcareous soils. 
Runoff P measured as DRP, BAP, or TPR increased linearly with increasing P 
application rates and increasing soil P measured by all tests. Bioavailable P concentrations 
were generally 1.5 times higher than those for DRP. Increases in BAP (mg L"1) per mg kg"1 
soil P across soils were 0.003 - 0.008 for BP, 0.005 - 0.007 for OP, 0.0003 - 0.005 for M3P, 
0.003 - 0.006 for FeP, 0.005 - 0.013 for WP, and 0.002 - 0.005 for TPS. All runoff P 
fractions increased at higher rate for the calcareous Harps soil as the P application rate 
increased. Differences among the noncalcareous soils were much smaller and often not 
significant. However, DRP and BAP were higher for Fayette than Tama soil while other 
soils were intermediate. In contrast to relationships between runoff P and P application rate, 
relationships between BAP and DRP and soil P usually were similar for all soil tests and soils 
or differences were very small and inconsistent. However, TPR increases with increasing 
soil P for the Harps soil were consistently higher than for other soils. For example, with M3P 
the Harps linear increase was 0.04 in contrast to the noncalcareous soils that ranged from 
0.02 to 0.005. Because total sediment loss for Harps soil was high but not higher than that 
for other soils (such as the Fayette soil), these results perhaps can be explained by higher P 
enrichment of sediment from the Harps soil (sediment was not analyzed for P). 
Environmental soil P tests (FeP and WP) and soil P sorption (PSI) or saturation (DPS0X and 
M3sat) indices were not better correlated with DRP and BAP in surface runoff than routine 
soil P tests across the soils included in this study. On the contrary, if one calibration were 
used across all soils, routine or environmental soil P tests would result in less error than using 
any of the saturation indices, especially when calcareous soils are included and the OP test is 
used. 
Overall, the result of this study showed that one-time P application to five typical 
Iowa soils at rates greater than fertilizer rates applied for one crop but within rates often 
applied with animal manures increased soil P and runoff P loss linearly. Differences in 
relationships between runoff P and P application or soil P were small or nonexistent among 
four noncalcareous soils, but often differed for a calcareous soil. Routine or environmental 
soil P tests can be used to estimate P concentration in surface runoff. The results showed that 
one single calibration across soils would result in acceptable error, although estimates would 
be slightly improved by separate calibrations for calcareous and noncalcareous soils. Care is 
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needed when attempting to extrapolate results of this indoor simulation study to field 
conditions, especially when soil P levels such as those in this study were the result of many 
years of cropping and P application and when interest is in assessing absolute P loads. 
REFERENCES 
Andraski, T.W. and L.G. Bundy. 2003. Relationships between phosphorus levels in soil and 
in runoff from corn production systems. J. Environ. Qual. 32:310-316. 
Andraski, T.W., L.G. Bundy, and K.C. Kilian. 2003. Manure history and long-term tillage 
effects on soil properties and phosphorus losses in runoff. J. Environ. Qual. 
32:1782-1789. 
APHA. 1998. Standard methods for the examination of water and wastewater, 20th Ed., Am. 
Public Health Assoc., Wash. D.C. 
Atia, A.M. and A.P. Mallarino. 2002. Agronomic and environmental soil phosphorus testing 
in soils receiving liquid swine manure. Soil Sci. Soc. Am. J. 66:1696-1705. 
Bâche, B.W., and E.G. Williams. 1971. A phosphorus sorption index for soils. J. Soil. Sci. 
22:289-301. 
Baker, J.L. and J.M. Laflen. 1982. Effects of corn residue and fertilizer management on 
soluble nutrient runoff losses. Trans. ASAE 24:344-348. 
Barber, S.A. 1958. Relation of fertilizer placement to nutrient uptake and crop yield. I. 
Interaction of row phosphorus and soil level of phosphorus. Agron. J. 50:535-539. 
Barisas, S.G., J.L. Baker, H.P. Johnson, and J.M. Laflen. 1978. Effect of tillage systems on 
runoff losses of nutrients, a rainfall simulation study. Trans. ASAE 21:893-897. 
74 
Bôrling, K., E. Otabbong, and E. Barberis. 2004. Soil variables for predication potential 
phosphorus release in Swedish noncalcareous soils. J. Environ. Qual. 33:99-106. 
Bundy, L.G., T.W. Andraski, and J.M. Powell. 2001. Management practice effects on 
phosphorus losses in runoff in corn production systems. J. Environ. Qual. 
30:1822-1828. 
Chardon, W.J. 2000. Phosphorus extraction with iron oxide-impregnated filter paper (Pi test). 
In G.M. Pierzynski (ed.), Methods for P analysis. S. Coop. Ser. Bull. 396. North 
Carolina State Univ., Raleigh. 
Cihacek, L.J. and J.M. Bremner. 1979. A simplified ethylene glycol monoethyl ether 
procedure for assessment of soil surface area. Soil Sci. Soc. Am. J. 43:821-822. 
Cihacek, L.J., and D.A. Lizotte. 1990. Evaluation of an aluminum digestion block for routine 
total soil phosphorus determination by alkaline hypobromite oxidation. Commun. Soil 
Sci. Plant Anal. 21:2361-2370. 
Correll, D.L. 1998. The role of phosphorus in the eutrophication of receiving waters: A 
review. J. Environ. Qual. 27:261-266. 
Cox, F.R., and S.E. Hendricks. 2000. Soil test phosphorus and clay content effects on runoff 
water quality. J. Environ. Qual. 29:1582-1586. 
Daly, K., D. Jeffrey, and H. Tunney. 2001. The effect of soil type on phosphorus sorption 
capacity and desorption dynamics in Irish grassland soils. Soil Use Manage. 17:12-20. 
Daverede, I.C., A.N. Kravchenko, R.G. Hoeft, E.D. Nafziger, D.G. Bullock, J.J. Warren, and 
L.C. Gonzini. 2003. Phosphorus runoff: Effect of tillage and soil phosphorus levels. J. 
Environ. Qual. 32:1436-1444. 
Dick, W.A., and M.A. Tabatabai. 1977. An alkaline oxidation method for determination of 
total phosphorus in soils. Soil Sci. Soc. Am. J. 41: 511-514. 
Eghball, B., and J.E. Gilley. 1999. Phosphorus and nitrogen in runoff following beef cattle 
manure or compost Application. J. Environ. Qual. 28: 1201-1210 
Guo, F., and R.S. Yost. 1999. Quantifying the available soil phosphorus pool with the acid 
ammonium oxalate method. Soil Sci. Soc. Am. J. 63:651-656. 
Holford, I.C.R., R.W.M. Wedderburn, and G.E.G. Mattingly. 1974. A Langmuir two surface 
equation as a model for phosphate adsorption by soils. J. Soil Sci. 25:242-255. 
Hooda, P.S., A.R. Rendell, A.C. Edwards, P.J.A. Withers, M.N. Aitken, and V.W. Truesdale. 
2000. Relating soil phosphorus indices to potential phosphorus release to water. J. 
Environ. Qual. 29:1166-1171. 
Huang, P.M. and M. Schnitzer. 1986. Interactions of soil minerals with natural organics and 
microbes. SSSA Spec. Publ. 17. Madison, WI. 
Huff, F.A. and J.R. Angel. 1992. Rainfall frequency atlas of the Midwest. Bull. 71. Illinois 
State Water Survey, Champaign. 
Johnson, H.P., and J.L. Baker. 1984. Field-to stream transport of agricultural chemicals and 
sediment in an Iowa watershed: Part II. Database for model testing (1979-1980). 
Report No. EPA-600/S3-84-055, Environmental Research Laboratory, Athens, GA. 
Kamprath, E.J. 1999. Changes in phosphate availability of ultisols with long-term cropping. 
Commun. Soil Sci. Plant Anal. 30:909-919. 
Khiari, L., L.E. Parent, A. Pellerin, A.R. Alimi, C. Tremblay, R.R. Simard, and J. Fortin. 
2000. An agri-environmental phosphorus saturation index for acid coarse-textured 
76 
soils. J. Environ. Qual. 29:1561-1567. 
Killorn, R., R.D. Voss, and K. Eik. 1990. Summary of soil test results by county and soil 
area: 1986-1989. Iowa State Univ. Coop. Ext. Serv. ST-26 (Rev.). 
Kleinman, P.J.A. and A.N. Sharpley. 2002. Estimating soil phosphorus sorption saturation 
from Mehlich-3 data. Commun. Soil Sci. Plant Anal. 33:1825-1839. 
Kleinman, P.J.A., R.B. Bryant, and W.S. Reid. 1999. Development of pedotransfer functions 
to quantify phosphorus saturation of agricultural soils. J. Environ. Qual. 
28:2026-2030. 
Kuykendall, H.A., M.L. Cabrera, C.S. Hoveland, M.A. McCann, and L.T. West. 1999. 
Stocking method effects on nutrient runoff from pastures fertilized with broiler litter. 
J. Environ. Qual. 28:1870-1877. 
Lee, Y.S. and R.J. Bartlett. 1977. Assessing phosphorus fertilizer needs based on 
intensity-capacity relationships. Soil Sci. Soc. Am J. 41:710-712. 
Lemunyon, J.L., and R.G. Gilbert. 1993. Concept and need for a phosphorus assessment tool. 
J. Prod. Agri. 6:483-486. 
Magdoff, F.R., C. Hryshko, W.E. Jokela, R.P. Durieux, and Y. Bu. 1999. Comparison of 
phosphorus soil test extractants for plant availability and environmental assessment. 
Soil Sci. Soc. Am. J. 63:999-1006. 
Maguire, R. O., and J.T. Sims. 2002. Measuring agronomic and environmental soil 
phosphorus saturation and predicting phosphorus leaching with Mehlich 3. Soil Sci. 
Soc. Am. J. 66:2033-2039. 
Mallarino, A.P., B.M. Stewart, J.L. Baker, J.A. Downing, and J.E. Sawyer. 2002. Phosphorus 
indexing for cropland: Overview and basic concepts of the Iowa phosphorus index. J. 
Soil Water Conserv. 57:440-447. 
McDowell, R.W. and A.N. Sharpley. 2003. The effects of soil carbon on phosphorus and 
sediment loss from soil trays by overland flow. J. Environ. Qual. 32:207-214. 
McDowell, R.W., A.N. Sharpley, L.M. Condron, P.M. Haygarth, and P.C. Brookes. 2001. 
Processes controlling soil phosphorus release to runoff and implications for 
agricultural management. Nutr. Cycl. Agroecosyst. 59:269-284. 
Menon, R.G., S.H. Chien, and W.J. Chardon. 1997. Iron-oxide impregnated filter paper (Pi 
test): a review of its applications. Nutr. Cycling Agroecosyst. 47:7-18. 
Meyers, R.G., G.M. Pierzynski, and S.J. Thien. 1997. Iron oxide sink method for extracting 
soil phosphorus paper preparation and use. Soil Sci. Soc. Am. J. 61:1400-1407. 
Miller, J.J., N.J. Sweetland, and C. Chang. 2002. Hydrological properties of a clay loam soil 
after long-term cattle manure application. J. Environ. Qual. 31:989-996. 
Mora, M.L. and J. C anales. 1995. Interactions of humic substances with allophanic 
compounds. Commun. Soil Sci. Plant Anal. 26:2805-2817. 
Morel, C., H. Tunney, D. Plenet, and S. Pellerin. 2000. Transfer of phosphate ions between 
soil and solution: perspectives in soil testing. J. Environ. Qual. 29:50-59. 
Murphy, J., and J. Riley. 1962. A modified single solution method for the determination of 
phosphate in natural waters. Anal. Chim. Acta. 27:31-36. 
Nair, P.S., T.J. Logan, A.N. Sharpley, L.E. Sommers, M.A. Tabatabai, and T.L. Yuan. 1984. 
Interlaboratory comparison of a standardized phosphorus adsorption procedure. J. 
78 
Environ. Qual. 13:591-595. 
Parffit, R.L. 1978. Anion adsorption by soil and soil materials. Adv. Agron. 30:1-50. 
Pautler, M.C., and J.T. Sims. 2000. Relationships between soil test phosphorus, soluble 
phosphorus, and phosphorus saturation in Delaware soils. Soil Sci. Soc. Am. J. 
64:765-773. 
Peltovouri, T., R. Uusitalo, and T. Kauppila. 2002. Phosphorus reserves and apparent 
phosphorus saturation in four weakly developed cultivated pedons. Geoderma. 
110:35-47. 
Pote, D.H., T.C. Daniel, A.N. Sharpley, P.A. Moore, D.R. Edwards, and D.J. Nichols. 1995. 
Phosphorus: relating soil test levels in runoff, p. 175-177. Proc. Clean Water, Clean 
Environment, 21st Century Team Agriculture, Working to Protect Water Resources, 
Kansas City, Missouri. 5-8 March 1995. ASAE, St. Joseph, Mich. 
Pote, D.H., T.C. Daniel, D.J. Nichols, P.A. Moore, Jr., D.M. Miller, D.R. Edwards. 1999. 
Seasonal and soil-drying effects on runoff phosphorus relationships to soil 
phosphorus. Soil Sci. Soc. Am. J. 63:1006-1012. 
Pote, D.H., T.C. Daniel, D.J. Nichols, A.N. Sharpley, P.A. Moore, Jr., D.M. Miller, and D.R. 
Edwards. 1996. Relationship between phosphorus levels in three ultisols and 
phosphorus concentrations in run off. J. Environ. Qual. 28:170-175. 
Randall, G.W., S.D. Evans, and T.K. Iragavarapu. 1997b. Long-term P and K applications: II. 
Effect on com and soybean yields and plant P and K concentrations. J. Prod. Agric. 
10:572-580. 
Robbing, C.W., D.T. Westermann, and L.L. Freeborn. 1999. Phosphorus forms and 
extractability from three sources in a recently exposed calcareous subsoil. Soil Sci. 
Soc. Am. J. 63:1717-1724. 
Sanchez, P.A., and G. Uehara. 1980. Management considerations for acid soils with high 
phosphorus fixation capacity, p. 417-517. In F.E. Kbasawneh, E.G. Sample, and E.J. 
Kamprath (ed.) The role of phosphorus in agriculture. ASA-CSSA-SSSA, Madison, 
WI. 
SAS Institute. 1999. SAS Release 8.1. SAS Inst., Cary, NC. 
Sawyer, J.E., A.P. Mallarino, R. Killorn, and S.K. Barnhart. 2002. A general guide for crop 
nutrient and limestone recommendations in Iowa. Iowa State Univ. Ext. Publ. 
Pm-1688 (Rev.). 
Schoumans, O.F., and P. Groenedijk. 2000. Modeling soil phosphorus levels and phosphorus 
leaching from agricultural land in the Netherlands. J. Environ. Qual. 29:11-116. 
Schuman, G.E., R.G. Spomer, and R.F. Piest. 1973. Phosphorus losses from four agricultural 
watersheds on Missouri Valley loess. Soil Sci. Soc. Am. Pro. 37:424-427. 
Self-Davis, M.L., P.A. Moore, Jr., B.C. Joern. 2000. Determination of water-and/or dilute 
salt-extractable phosphorus. Methods for P analysis. S. Coop. Ser. Bull. 396. North 
Carolina State Univ., Raleigh. 
Sharpley, A.N., 1993. An innovative approach to estimate bioavailable phosphorus in 
agricultural runoff using iron oxide-impregnated paper. J. Environ. Qual. 22:597-601. 
Sharpley, A.N. 1995. Dependence of runoff phosphorus on extractable soil phosphorus. J. 
Environ. Qual. 24:920-926. 
Sharpley, A.N. 2000. Bioavailable phosphorus in soil. In G.M. Pierzynski (ed.) Methods for 
P analysis. S. Coop. Ser. Bull. 396. North Carolina State Univ., Raleigh. 
Sharpley, A.N., and B. Moyer. 2000. Phosphorus forms in manure or compost and their 
release during simulated rainfall. J. Environ. Qual. 29:1462-1469. 
Sharpley, A.N., and S. Rekolainen. 1997. Phosphorus in agricultural and it environmental 
implications, p. 1-53. In H. Tunney et al. (eds). Phosphorus loss from soil to water. 
CAB International, Wallingford, United Kingdom. 
Sharpley, A.N., S.C. Chapra, R. Wedepohl, J.T. Sims, T.C. Daniel, K.R. Reddy. 1994. 
Managing agricultural phosphorus for protection of surface waters: issues and 
options. J. Environ. Qual. 23:437-451. 
Sharpley, A.N., T.C. Daniels, J.T. Sims, and D.H. Pote. 1996. Determining environmentally 
sound soil phosphorus levels. J. Soil Water Conserv. 51:160-166. 
Sharpley, A.N., S.J. Smith, B.A. Stewart, and A.C. Mathers. 1984. Forms of phosphorus in 
soil receiving cattle feedlot waste. J. Environ. Qual. 13:211-215. 
Sherrod, L.A., G. Dunn, G.A. Peterson, and R.L. Kolberg. 2002. Inorganic carbon analysis by 
modified pressure-calcimeter method. Soil Sci. Soc. Am. J. 66:299-305. 
Sims, J.T. 2000. A phosphorus sorption index. In G.M. Pierzynski (ed.) Methods for P 
analysis. S. Coop. Ser. Bull. 396. North Carolina State Univ., Raleigh. 
Sims, J.T., R.R. Simard, and B.C. Joern. 1998. Phosphorus loss in agricultural drainage: 
Historical perspective and current research. J. Environ. Qual. 27:277-293. 
Sims. J.T., R.O. Maguire, A.B. Leytem, K.L. Gartley, and M.C. Paulter. 2002. Evaluation of 
Mehlich 3 as an agri-environmental soil phosphorus test for the Mid-Atlantic United 
States of America. Soil Sci. Am. J. 66:2016-2032. 
Singh, B.B., and J.P. Jones. 1976. Phosphorus sorption and desorption characteristics of soil 
as effected by organic residues. Soil Sci. Soc. Am. J. 40:389-394. 
Soil Survey Staff, Natural Resources Conservation Service, United States Department of 
Agriculture . Official Soil Series Descriptions [Online WWW]. Available URL: 
"http://soils.usda.gov/soils/technical/classification/osd/index.html" [Accessed 10 
February 2004]. 
Walter, N.F., G.R. Hallberg, T.E. Fenton. 1978. Particle-size analysis by the Iowa State 
University Soil Survey Laboratory, p. 61-74. In Standard procedures for evaluation of 
quaternary materials in Iowa. Technical Information Series, no. 8. Iowa Geological 
Survey, Iowa City. 
Wang, D., and D.W. Anderson. 1998. Direct measurement of organic carbon content in soils 
by the Leco CR-12 Carbon Analyzer. Commun. Soil Sci. Plant Anal. 29:15-21. 
Webb, J.R., A.P. Mallarino, and A.M. Blackmer. 1992. Effects of residual and annually 
applied phosphorus on soil test value and yields of corn and soybean. J. Prod. Agric. 
5:148-152. 
Whalen, J.K., and C. Chang. 2001. Phosphorus accumulation in cultivated soils from 
long-term annual applications of cattle feedlot manure. J. Environ. Qual. 30:229-237. 
Vadas, P.A., and J.T. Sims. 1999. Phosphorus sorption in manured Atlantic coastal plain 
soils under flooded and drained. J. Environ. Qual. 28:1870-1877. 
82 
Table 1. Selected soil chemical and physical properties. 
Soil Property Soil Series 
Nicollet Marshall Tama Fayette Harps 
Texture classf L SCL SCL SL CL 
Clay, g kg"1 241 276 280 260 289 
Silt, g kg'1 372 691 635 684 438 
Specific surface, m2 g"1 24 32 32 25 96 
Organic matter, g kg"1 48 40 40 22 68 
CaC03, g kg"1 5 7 4 2 67 
Feox, mg kg"1 986 2492 2462 2042 523 
Mo*, mg kg"1 803 1146 1241 888 1016 
PH 6.0 7.1 7.0 6.3 8.0 
Total P, mg kg'1 437 515 535 374 689 
Mehlich 3 P, mg kg"1 16 27 26 10 21 
Mehlich 3 Fe, mg kg"1 154 134 142 182 23 
Mehlich 3 Al, mg kg"1 552 608 620 586 234 
Mehlich 3 Ca, mg kg"1 3614 3456 2933 1796 10498 
tSCL, silty clay loam; L, loam; SL, silt loam; CL, clay loam. 
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Table 2. Relationships between P application rate and environmental soil P tests or total P. 
Nicollet Marshall Tama Fayette Harps 
Water extractable P slope 0.38 0.30 0.29 0.27 0.93 
r2 0.99 0.98 0.99 0.98 0.99 
DSt B C C C A 
y-intercept -6 2 -4 -7 -26 
Fe-oxide P slope 0.59 0.55 0.51 0.53 0.84 
r2 0.99 0.97 0.99 0.99 0.99 
DS B B B B A 
y-intercept 6 21 12 -5 -1 
Soil total P slope 0.96 1.00 0.94 0.96 1.10 
r2 0.99 0.97 0.99 0.99 0.99 
DS A A A A A 
y-intercept 436 530 534 380 698 
tDS, different slopes (P < 0.05) between soil series are indicated by different letters. 
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Table 3. Relationships between P application rate and agronomic soil-test P. 
Nicollet Marshall Tama Fayette Harps 
Mehlich-3 P slope 0.78 0.72 0.62 0.98 0.95 
r2 0.99 0.99 0.99 0.96 0.99 
DS| BC C C A AB 
y-intercept 17 34 21 -22 21 
Bray P slope 0.78 0.77 0.56 0.79 0.63 
r2 0.99 0.99 0.99 0.98 0.99 
DS A AB C A BC 
y-intercept 12 23 18 -11 -17 
Olsen P slope 0.44 0.49 0.39 0.50 1.1 
r2 0.99 0.99 0.99 0.99 0.99 
DS BC B C B A 
y-intercept 10 16 14 -7 -35 
fDS, different slopes ( P  <  0.05) between soil series are indicated by different letters. 
85 
Table 4. Relationships between P application rate and soil P saturation or sorption. 
Nicollet Marshall Tama Fayette Harps 
Degree of P saturation^,% slope 0.11 0.08 0.06 0.08 0.14 
r2 0.99 0.99 0.99 0.99 0.99 
DSf B C 0 C A 
y-intercept 12 10 8 5 33 
Mehlich-3 saturation index slope 0.09 0.08 0.07 0.12 0.30 
r2 0.98 0.96 0.99 0.97 0.99 
DS BC C C B A 
y-intercept 6 5 3 -2 9 
P sorption index slope -0.20 -0.22 -0.19 -0.21 -0.17 
r2 0.98 0.93 0.93 0.98 0.94 
DS A A A A A 
y-intercept 102 132 149 134 117 
tDS, different slopes (P < 0.05) between soil series are indicated by different letters. 
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Table 5. Correlation coefficients^ for P application rate, soil P, and soil P saturation or sorption for all soils (n = 75). Adjacent 
correlation coefficients in parenthesis are for all noncalcareous soils (Harps excluded). 
Bray P Olsen P Mehlich-3 P Fe-strip P Water P M3sat Index PSI DPSm TP soil 
Olsen P 0.82 (0.99) 
Mehlich-3 P 0.95 (0.98) 0.92 (0.98) 
Fe-oxide P 0.92 (0.98) 0.96 (0.99) 0.97 (0.97) 
Water P 0.72 (0.98) 0.98 (0.97) 0.85 (0.96) 0.92 (0.99) 
MSsat index 0.62 (0.97) 0.93 (0.97) 0.80 (0.99) 0.85 (0.96) 0.96 (0.94) 
PSI -0.91 -0.91) -0.78 -0.90) -0.89 -0.90) -0.88 -0.91) -0.71 -0.91) -0.65 -0.91) 
DPS0X 0.70 (0.96) 0.90 (0.93) 0.84 (0.94) 0.88 (0.95) 0.93 (0.96) 0.94 (0.94) -0.77 -0.95) 
TP soil 0.80 (0.93) 0.88 (0.94) 0.89 (0.91) 0.92 (0.95) 0.86 (0.94) 0.83 (0.88) -0.78 (0.82) 0.89 (0.86) 
P rate 0.97 (0.97) 0.88 (0.98) 0.96 (0.97) 0.96 (0.99) 0.80 (0.97) 0.70 (0.95) -0.91 -0.90) 0.76 -0.92) 0.87 (0.94) 
t all correlation coefficients are significant at P < 0.05. 
87 
Table 6. Relationships between P application rate and runoff P concentration. 
Nicollet Marshall Tama Fayette Harps 
Dissolved reactive P slope 0.0017 0.0018 0.0016 0.0022 0.0037 
r2 0.99 0.90 0.98 0.99 0.97 
DSt C BC C B A 
y-intercept 0.07 0.14 0.08 0.02 0.04 
Bioavailable P slope 0.0027 0.0029 0.0018 0.0034 0.0049 
r2 0.97 0.96 0.98 0.99 0.98 
DS BC B C B A 
y-intercept 0.17 0.24 0.28 0.08 -0.02 
Runoff total P slope 0.004 0.007 0.010 0.005 0.037 
r2 0.95 0.92 0.92 0.99 0.98 
DS C BC B BC A 
y-intercept 1.80 2.30 0.37 1.30 1.10 
|DS, different slopes (P < 0.05) between soil series are indicated by different letters. 
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Table 7. Relationships between agronomic or environmental soil P tests and dissolved 
reactive P concentration in runoff. 
Nicollet Marshall Tama Fayette Harps 
Mehlich-3 P slope 0.0021 0.0025 0.0025 0.0022 0.0034 
r2 0.99 0.95 0.97 0.98 0.96 
DSt B B B B A 
y-intercept 0.036 0.048 0.034 0.078 0.170 
Olsen P slope 0.0038 0.0037 0.0044 0.0044 0.0034 
r2 0.99 0.92 0.99 0.99 0.96 
DS AB AB AB A B 
y-intercept 0.036 0.075 0.047 0.047 0.170 
Fe-oxide P slope 0.0028 0.0033 0.0031 0.0042 0.0045 
r2 0.99 0.96 0.99 0.99 0.99 
DS B B B A A 
y-intercept 0.058 0.064 0.046 0.035 0.035 
tDS, different slopes (P < 0.05) between soil series are indicated by different letters. 
89 
Table 8. Relationships between agronomic or environmental soil P tests and runoff bioavailable 
P concentration. 
Nicollet Marshall Tama Fayette Harps 
Mehlich-3 P slope 0.003 0.004 0.003 0.003 0.005 
r2 0.98 0.98 0.98 0.98 0.96 
DSt A A A A A 
y-intercept 0.110 0.100 0.220 0.175 -0.110 
Olsen P slope 0.006 0.006 0.005 0.007 0.005 
r2 0.99 0.98 0.97 0.99 0.99 
DS AB AB AB A B 
y-intercept 0.110 0.140 0.220 0.128 0.140 
Fe-oxide P slope 0.005 0.005 0.003 0.006 0.006 
r2 0.98 0.98 0.96 0.99 0.97 
DS AB AB B A A 
y-intercept 0.140 0.130 0.240 0.110 -0.008 
tDS, different slopes (P < 0.05) between soil series are indicated by different letters. 
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Table 9. Relationships between agronomic or environmental soil P tests and runoff total P 
concentration. 
Nicollet Marshall Tama Fayette Harps 
Mehlich-3 P slope 0.005 0.009 0.016 0.005 0.038 
r2 0.97 0.88 0.92 0.98 0.96 
DSf C BC B C A 
y-intercept 1.7 2.1 0.0 1.4 0.4 
Olsen P slope 0.009 0.014 0.026 0.011 0.033 
r2 0.99 0.91 0.92 0.99 0.94 
DS C BC AB C A 
y-intercept 1.7 2.1 0.02 1.4 2.5 
Fe-oxide P slope 0.007 0.012 0.019 0.010 0.043 
r2 0.98 0.84 0.90 0.99 0.96 
DS C BC B BC A 
y-intercept 1.7 2.2 0.2 1.3 1.2 
fDS, different slopes (P < 0.05) between soil series are indicated by different letters. 
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Table 10. Average sediment concentration in surface runoff. 
Sediment Fraction Soil Series 
Marshall Nicollet Fayette Tama Harps 
g |_ 1 
Total Solids 2.2 2.1 3.2 2.2 3.1 
Dissolved Solids 0.35 0.38 0.34 0.36 0.32 
Suspended Solids 1.9 1.7 2.8 1.9 2.8 
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Table 11. Relationships between soil total P and runoff P concentrations. 
Nicollet Marshall Tama Fayette Harps 
Dissolved Reactive P slope 0.0017 0.0018 0.0017 0.0023 0.0035 
r2 0.99 0.96 0.99 0.99 0.99 
DSt C C C B A 
y-intercept -0.7 -0.8 -0.8 -0.9 -2.4 
Bioavailable P slope 0.003 0.003 0.002 0.004 0.005 
r2 0.96 0.99 0.98 0.99 0.95 
DS BC BC C AB A 
y-intercept -1.0 -1.0 -0.7 -1.0 -3.0 
Runoff total P slope 0.004 0.006 0.011 0.006 0.035 
r2 0.95 0.86 0.93 0.99 0.97 
DS C BC B BC A 
y-intercept -0.1 -1.0 -5.4 -0.8 -23.0 
tDS, different slopes (P < 0.05) between soil series are indicated by different letters. 
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Table 12. Correlation coefficients* for soil P and runoff P for all soils (n = 75). Adjacent 
correlation coefficients in parenthesis are for all noncalcareous soils (Harps excluded). 
Bray P Olsen P Mehlich-3 P Fe-strip P Water P TP soil 
TP runoff 
BAP 
DRP 
0.48 (0.79) 
0.87 (0.95) 
0.82 (0.95) 
0.86 (0.81) 
0.94 (0.96) 
0.97 (0.97) 
0.66 (0.76) 
0.91 (0.95) 
0.93 (0.97) 
0.75 (0.81) 
0.94 (0.94) 
0.96 (0.96) 
0.91 (0.78) 
0.88 (0.91) 
0.95 (0.93) 
0.76 (0.83) 
0.84 (0.88) 
0.90 (0.91) 
t all correlation coefficients are significant at P < 0.05. 
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Table 13. Relationships between indices of soil P sorption or saturation and dissolved reactive 
P concentration in runoff. 
Nicollet Marshall Tama Fayette Harps 
Degree of P saturationox,% slope 0.015 0.024 0.027 0.027 0.026 
r2 0.99 0.95 0.98 0.99 0.98 
DSf B A A A A 
y-intercept -0.11 -0.12 -0.13 -0.13 -0.81 
Mehlich-3 saturation index slope 0.018 0.024 0.023 0.019 0.012 
r2 0.99 0.97 0.98 0.99 0.99 
DS A A A A B 
y-intercept -0.03 0.02 0.01 0.06 -0.07 
P sorption index slope -0.008 -0.008 -0.008 -0.011 -0.021 
r2 0.99 0.99 0.97 0.97 0.94 
DS BC BC C B A 
y-intercept 0.9 1.2 1.3 1.5 2.6 
tDS, different slopes (P < 0.05) between soil series are indicated by different letters. 
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Table 14. Correlation coefficients^ for P application rate, runoff P, 
and soil P saturation or sorption for all soils (n = 75). Adjacent 
correlation coefficients in parenthesis are for ail noncalcareous soil 
(Harps excluded). 
M3sat Index PSI DPS0X P rate 
TP runoff 
BAP 
DRP 
0.94 (0.73) 
0.82 (0.95) 
0.91 (0.96) 
-0.52 -0.73) 
-0.82 -0.88) 
-0.80 -0.88) 
0.85 (0.71) 
0.81 (0.90) 
0.89 (0.89) 
0.59 (0.81) 
0.90 (0.94) 
0.88 (0.96) 
t all correlation coefficients are significant at P < 0.05. 
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Equations and statistics are shown in Table 6. 
100 
Nicollet 
• Marshall 
O Tama 
- - A  Fayette 
O Harps 
~\ r 
Mehlich-3 P 
i 1 1 r 
Olsen P 
y 
Fe-oxide P 
100 200 300 400 500 
Soil-test P (mg kg ~1) 
600 700 
Figure 5. Effect of soil-test P on runoff dissolved reactive P concentration. 
Equations and statistics are shown in Table 7. 
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Equations and statistics are shown in Table 8. 
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CHAPTER 4: EFFECT OF LIQUID SWINE MANURE RATE, INCORPORATION, AND 
TIMING OF SIMULATED RAINFALL ON PHOSPHORUS LOSS WITH SURFACE 
RUNOFF 
A paper to be submitted to the Journal of Environmental Quality 
B. L. Allen and A. P. Mallarino 
ABSTRACT 
Manure is often applied to fields to supply N or P needs of crops. Disposal of manure 
as a waste or inappropriate application methods increases the risk of P loss from fields and 
water quality impairment. The objective of this study was to assess surface runoff total P 
(TPR), bioavailable P (BAP), and dissolved reactive P (DRP) concentrations and loads 
following the application of liquid swine manure at various rates with or without 
incorporation into the soil and for different timing of simulated rainfall subsequent to manure 
application. A rainfall simulation technique was used to induce surface runoff at two fields 
with low soil-test P (STP). Liquid swine manure was applied in 2002 and 2003, either 
incorporated or not incorporated, at rates ranging from 0 to 220 kg ha"1 total manure P. In 
2002, simulated rainfall was applied within 24 h and 10 to 16 d after manure application. In 
2003, manure was applied within 24 h of application. All manure P rates usually increased 
DRP, BAP, and TPR concentrations when manure was not incorporated and rainfall was 
applied within 24 h of application, however, only the highest manure rates often increased 
runoff P when it was incorporated. At the highest rates of manure P application, DRP, BAP, 
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and TPR concentration decreases by incorporation ranged from 69 to 98%, 60 to 98%, and 5 
to 92%, respectively. When manure was not incorporated, increasing P application rates 
increased P concentrations linearly and the fraction of TPR made up of DRP or BAP 
increased. A 10- to 16-d rainfall delay sharply decreased runoff P concentrations and loads. 
Phosphorus loads usually increased at higher rates as the manure P rate increased. In two of 
six simulated rainfall events, TPR losses at the low manure application rates were lower for 
non-incorporated manure than for incorporated manure. Incorporating manure when the 
probability of immediate rainfall is high reduces the risk of P loss in surface runoff; however, 
this benefit decreases with time after manure application, and incorporation could lead to 
greater erosion and TPR loss in the long term. 
INTRODUCTION 
Phosphorus is an essential crop nutrient, and soil-test P (STP) levels are known to 
influence crop yield potential. Phosphorus application is often necessary to increase STP 
and/or offset P removed in grain and forage (Barber, 1958; Webb et al., 1992; Kamprath, 
1999). In addition to P fertilizer, swine manure is often applied to fields because it can be an 
effective source of plant available P. In Iowa, for example, manure P is considered as having 
similar plant availability as fertilizer P when it is applied to soils to replace the amount 
removed in the harvested portion of the crop, and 60% availability for the first year after 
application when it is applied to low-testing soils (Killorn and Lorimor, 2003). Assumptions 
of reduced availability for a crop in low-testing soils is based mainly on large variability in 
organic and inorganic P concentrations across manure sources, storage systems, and animal 
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diets (Barnett, 1994). In some manures, however, such as liquid swine manure or poultry 
manure, inorganic P forms comprise 80 to 90% of the total P, is extractable with water or 
diluted acid or basic extractants, and once applied to soil its plant availability is very near that 
for P fertilizers (Sharpley and Moyer, 2002). 
Excessive or inappropriate P application has led to environmental water quality 
concerns, namely eutrophication of freshwater resources (Lemunyon and Gilbert, 1993; 
Correll, 1998; Sharpley and Rekolainen, 1997). Excess P loss from cropland is an 
environmental concern because excess P promotes plant and algae growth in lakes and 
streams. When these plants and algae die and decompose, dissolved oxygen levels are 
depleted and may lead to unpleasant odors, fish kills, and a degradation of the aesthetic and 
recreational value of a water body. An increasing concentration of animal production in 
some parts of Iowa and the Corn Belt may necessitate the disposal of large amounts of 
manure over relatively small areas and consequent addition of P to many fields where no 
additional P is needed for optimum crop production (Whalen and Chang, 2001). Soil-test P 
levels have increased in the Com Belt during the last few decades (Killorn et al., 1990; 
Randall et al., 1997; Bundy et al., 2001) as the result of both manure and fertilizer P 
application in excess of crop removal. 
The P delivery rate to water bodies is influenced by various source and transport 
factors including P application source, rate and method, soil P levels, field slope, soil erosion, 
surface runoff, subsurface drainage, and proximity to surface waters (Sharpley et al., 1994; 
Sims et al., 1998). The Iowa P Index is one example assessment tool developed to estimate 
the relative contribution of various source and transport factors in order to assign a risk rating 
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to a particular management area (Mallarino et al., 2002). These P assessment tools recognize 
that P can be delivered as particulate P (P bound to soil particles) or dissolved P in surface 
water runoff or subsurface drainage. Commonly measured P fractions in runoff include 
dissolved reactive P (DRP), which is primarily dissolved orthophosphate (Pote and Daniel, 
2000) and is determined colorimetrically with the Murphy and Riley method (1962), 
bioavailable P (BAP), usually estimated as P extracted by Fe-oxide impregnated filter paper 
(Sharpley, 1993), and total P (TPR). The DRP and BAP runoff fractions are considered the 
most critical P forms contributing to accelerated aquatic growth in surface waters. However, 
other reports indicate that TPR is a better estimate of long-term potential for eutrophication 
of surface waters because forms other than DRP or BAP can be utilized by algae after 
changes that occur at variable rates depending on water chemistry and other factors (Correll, 
1998). 
Soil P concentration is an important source factor of P assessment tools, and these 
tools partly estimate risk of P loss based on relationships between runoff P fractions and soil 
P measured by various soil tests. Research showed that several routine soil P tests commonly 
used to predict P sufficiency for crops and so-called environmental P tests that could measure 
soil P better related to algae growth in water bodies, correlated well with runoff P 
concentrations (Pote et al., 1996; Maquire and Sims, 2002; Kleinman and Sharpley, 2002; 
Allen et al., Chapter 3 of this dissertation). However, recent manure or fertilizer P 
application may have a greater impact than soil P on runoff P. Phosphorus application rate, P 
placement or incorporation, and duration/intensity of rainfall typically have a large impact on 
P concentrations and loads in surface runoff immediately following application (Sharpley and 
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Tunney, 2000; Tabbara, 2003). Bundy et al. (2001) showed that tillage to incorporate dairy 
manure in a Wisconsin soil lowered runoff DRP concentration but increased TPR 
concentration and loads due to increased sediment loss. Tabbara (2003) reported that 
incorporating swine manure or fertilizer P into an Iowa soil reduced DRP and TPR 
concentrations and loads by as much as 30 to 60% depending on the application rate. In an 
indoor rainfall simulation study, Kleinman and Sharpley (2003) showed that application of 
dairy, poultry, and swine manures at similar P rates increased DRP less for dairy manure than 
for the other sources, that the contribution of DRP to TPR increased as the manure 
application rate increased, and that differences in DRP related to manure type diminished 
after repeated rainfall events. 
The sequence and time interval between manure application to soil and a runoff event 
also play a key role in the magnitude of observed P losses. Broadcast and unincorporated 
manure concentrates soluble P at the soil surface where it is readily available to runoff water 
(Mueller et al., 1984; Eghball and Gilley, 1999). However, following manure application 
without incorporation into the soil, the potential for P loss declines over time as the more 
soluble P forms in the manure increasingly interact with soil (Edwards and Daniel, 1993). 
Mueller et al. (1984) reported sharp declines in DRP concentrations in runoff from no-till 
plots broadcast with dairy manure after about 2 mo. One important factor that affects P loss 
immediately after application of liquid manure without incorporation is possible partial soil 
surface sealing by the manure. Smith et al. (1998) suggested this effect may explain 
increased runoff and increased P loss after applying liquid manure. However, Smith et al. 
(2001) reported that surface sealing was short lived and that, on the contrary, in the long 
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term, swine manure additions improved aggregate stability, increased soil hydraulic 
conductivity, and decreased surface runoff. Incorporation of manure or fertilizer has 
reportedly decreased TPR concentrations and loads in runoff by placing P below the thin 
mixing zone of interaction between soil and surface runoff (Baker and Laflen, 1982; Kimmel, 
2001; Withers et al., 2001; Sharpley, 2003; Tabbara, 2003). Other studies, however, found 
that manure incorporation or tillage decreased DRP concentrations, but increased TPR 
concentrations and loads as a result of decreased infiltration and increased sediment loss 
(Bundy et al., 2000; Eghball and Gilley, 1999). 
Information is needed for Iowa conditions concerning impacts of tillage, manure P 
rate, and timing of rainfall events after manure application on P loss with surface runoff and 
runoff P fractions. A better understanding of these relationships is also necessary to 
maximize the effectiveness of comprehensive management tools such as the P index. The 
objective of this field rainfall simulation study was to assess the impact of different 
application rates of liquid swine manure, its incorporation into the soil, and timing of 
simulated rainfall subsequent to manure application on concentrations and loads of DRP, 
BAP, and TPR in surface runoff. 
MATERIALS AND METHODS 
Description of Sites 
Phosphorus losses following liquid swine manure application were assessed using a 
simulated rainfall technique at Iowa fields during two years. The fields were selected to have 
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low soil-test P according to Iowa interpretations (Sawyer et al., 2002) and to have been 
managed in a corn-soybean rotation for at least 10 years. One experiment was located in 
Boone County on a Clarion loam soil (3 to 5% slope) and the other was located in Marshall 
County on a Tama silty clay loam soil (4 to 6% slope) (Soil Survey Staff, 2004). These sites 
hereon will be referred to as Boone and Marshall sites. 
The Clarion series (fine-loamy, mixed, superactive, mesic Typic Hapludolls) consists 
of moderately well drained, moderately permeable soils formed in glacial till on uplands. 
Slope ranges from 1 to 9%, and surface runoff potential is considered medium (Soil Survey 
Staff, 2004). Distribution of Clarion soil includes large areas in north-central Iowa and 
south-central Minnesota. The Tama series (fine-silty, mixed, superactive, mesic Typic 
Argiudolls) consists of well and moderately drained, moderately permeable soils formed in 
loess on uplands and high stream benches. Slope ranges from 0 to 20%, and surface runoff 
potential is considered medium to rapid (Soil Survey Staff, 2004). Distribution of Tama soil 
includes large areas in Iowa and Illinois, and small areas in Minnesota and Wisconsin. 
The fields had received no manure during the last 20 years, and had not received P 
fertilizer since the last crop was harvested. The Boone site had been under chisel-disk tillage 
management. The corn residues were chiseled in the fall and disked in spring before 
planting, while the soybean residues were not tilled in the fall and were disked in spring 
before planting. The Marshall site had been under no-till management for at least 10 years. 
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Experiments, Treatments, and Manure Application 
At the Boone site, liquid swine manure treatments and rainfall simulations were 
applied in spring 2002 (in April) before planting a corn crop and again in spring 2003 (in 
April). At the Marshall site, liquid swine manure treatments were applied after a soybean 
crop harvest in fall 2002 (in October) and again in spring 2003 (in April). The second 
manure application was made to the same plots at both sites. Plots measuring 3.8 m by 9.1 m 
in size were laid out at each site to accommodate a randomized complete-block design with 
eight treatments and either four (at the Boone site) or three (at the Marshall site) replications. 
Treatments were the factorial combinations of two tillage systems (chisel-disk and no tillage) 
and four manure P rates. For the first manure application, the intended treatments were 0, 
0.5, 1, and 2 times the average annual grain P removal for a corn-soybean rotation. For the 
calculations, we assumed a corn yield of 9.4 Mg ha"1 and a soybean yield of 3.4 Mg ha"1 
soybean, which would result in 27 and 20 kg P ha"1 removed, respectively (Sawyer, et al., 
2002). For the second application (2003) target manure P rates were increased to 0, 2, 4, and 
8 times the annual crop P removal rate to more closely encompass the higher range of manure 
disposal rates used by some farmers. Data shown in all figures represent the actual amount of 
P applied, which was lower than anticipated due to lower actual P concentration in the 
manure used. 
Manure for the study was collected from underground storage pits of confined swine 
operations located near the sites. Manure was sampled 5 d before manure application each 
year, and the application was based on its total P concentration. Manure was sampled again 
the day of the application for a better estimate of applied P by collecting four 1 -L samples at 
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different times. At each site these samples were collected from the same load of manure 
because only one tank was needed. The manure was broadcast using a tractor and a 1000-L 
capacity research manure applicator with extra-wide wheel separation (3 m between from the 
center of each tire track). The applicator had an agitation pump to keep solids suspended, a 
flow meter, two exit hoses, and two splash pans to achieve the most uniform possible manure 
distribution along the width of each plot. The applicator was calibrated at each site for the 
lowest manure rate, and multiple passes were made to apply the rates needed for the other 
treatments. Only the not-trafficked area between the wheel tracks was used for the study. 
Manure applied to plots of the no-till treatment was not incorporated. Manure applied 
to plots of the chisel-disk treatment was incorporated approximately 2 h after application (to 
let the liquid soak into the soil) by disking to a depth of 10 to 15 cm using the same tractor 
and a heavy tandem disk harrow with extra-wide wheel separation and small chisels in the 
rear to smooth the soil. Two passes in opposite directions were made on each plot. After 
harvesting corn at the Boone site (in September 2002), plots of the no-till treatment were not 
tilled while plots of the tillage treatment were tilled by two passes with the same heavy disk 
harrow used in spring. The tillage treatment plots were not tilled again until after the second 
manure application (in April 2003). At the Marshall site, no plots were tilled again during 
the 5 mo interim period until after the second manure application (April 2003). 
Simulated Rainfall Events 
Simulated rainfall was applied twice after the first manure application and once after 
the second manure application. At the Boone site, rainfall events were 4 to 24 h after 
114 
applying manure for the first time (April 2002), 10 to 11 d later, and 4 to 24 h after applying 
manure for the second time (April 2003). At the Marshall site, rainfall events were 4 to 24 h 
after applying manure the first time (October 2002), 15 to 17 d later, and 4 to 24 h after 
applying manure for the second time (April 2003). For simplicity, these rainfall events 
hereon will be referred to as 24-h or 10-d rainfall events. 
A portable rainfall simulator was built based on specifications described by Humphry 
et al. ( 2002) with minor structural modifications of a design described previously by Miller 
(1987). A Veejet HH-SS50 WSQ nozzle (Spraying Systems, Wheaton, IL) was supported by 
a cube frame made of A1 pipes that measured 3 m on each side and was placed 3 m above and 
at the center of the rained-on area. Although the rainfall fan covered an area approximately 
7 m in diameter, preliminary calibrations using collector pans showed that this nozzle applied 
a uniform volume of water over an area approximately 5 m in diameter. Prior to applying 
manure treatments or simulated rainfall, galvanized or stainless steel borders were set into 
soil (7.5 cm depth) encompassing a 1.5 m by 2 m area (referred to as a microplot hereafter) at 
the center of each field plot so that no wheel track traffic affected the study area. At the 
down-slope end of each microplot, and after applying manure and before applying rainfall, a 
flume was installed with the upper edge level with the soil surface. The flume was equipped 
with a canopy to exclude direct input of rainfall, and a 10-cm diameter plastic tube was used 
to route runoff water away from the microplot to a plastic collecting vessel placed outside of 
the rainfall area and buried so that its surface was at a ground level. 
Because plots receiving manure would be wetter than check plots receiving no 
manure, an amount of water approximately similar to the water applied with each manure rate 
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was applied before the 24-h rainfall event to plots receiving the low manure rates or no 
manure. Water from the same source used for the rainfall simulations was applied at 7 L 
min"1 from a pressurized garden hose fitted with a nozzle attachment that was moved 
approximately 0.5 m over the microplot area. The water was obtained from sources close to 
treatment plots for practical reasons. Water used for simulated rainfall was sampled each day 
and later analyzed for DRP. Rural water (always testing <0.03 mg L"1 DRP) was used at the 
Marshall site, while well water (always testing <0.005 mg L"1 DRP) was used at the Boone 
site. Measurable natural rainfall occasionally occurred during the period between manure 
application and simulated rainfall events. When natural rainfall occurred, plastic sheets 
where placed over all microplots and were removed as soon as rainfall stopped and rainfall 
never produced runoff outside the plots. Simulated rainfall was applied at 76 mm h"1 (energy 
of 0.278 MJ ha"1 mm"1) until 30 min of runoff occurred. The rainfall intensity and duration 
used has a recurrence interval of approximately 10 yr (Huff and Angel, 1992) at both the 
Boone and Marshall sites. The resulting runoff was collected in total, weighed, and a 1-L 
sample was collected after vigorously stirring the collection container. An additional 20-mL 
sample was also collected for DRP analysis by filtering it in the field through a 0.45-p.m pore 
size. All runoff samples were kept in insulated boxes and were taken to a cold storage room 
(4 to 5° C) until analysis. Surface residue cover was measured for all microplots using a line-
transect method described by Laflen et al. (1981). 
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Analysis of Soil, Manure, Source Water, and Surface Runoff 
Total P in manure was determined by digestion in an ammonium persulfate/sulfuric 
acid solution using USEPA Method 365.1 (USE?A, 1983) and determining orthophosphate P 
in the digests with the ammonium molybdate - ascorbic acid colorimetric method (Murphy 
and Riley, 1962). Total solids in manure were determined gravimetrically following USEPA 
Method 160.3 (USEPA, 1983). Water-extractable manure P was measured only in 2003 
using the method described by Kleinman et al. (2002). Briefly, a 0.5 g sample (wet weight) 
was extracted with water at a 200:1 water:manure ratio, filtered through Whatman No. 40 
filter paper, and P determined by flow injection analysis. Manure analysis is shown in 
Table 1. 
Soil samples were taken to a depth of 0 to 5 cm and 5 to 15 cm from each plot prior to 
the first manure application. The samples were oven-dried at 65° C and crushed to pass 
through a 2-mm sieve. These crushed samples were used for all soil tests, except soil total P 
(TPS) and organic matter (OM) analyses. For these tests, soil subsamples were further 
crushed to pass a 0.5-mm screen. The TPS was determined with the alkaline-oxidation 
digestion procedure (Dick and Tabatabai, 1977) adapted to an aluminum digestion block 
(Cihacek and Lizotte, 1991). Soil-test P by the Bray-1 (BP) method was analyzed following 
procedures recommended for the North Central Region (Brown, 1998) by the North Central 
Regional Committee for Soil Testing and Plant Analysis (NCR-13). Briefly, 1 g of soil was 
extracted with 10 mL of 0.03 MNH4F and 0.025 MHC1 by shaking for 5 min. All extracts 
were filtered through a Whatman No. 42 filter paper and extracted P was determined 
colorimetrically with the ammonium-molybdate ascorbic-acid method (Murphy and Riley, 
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1962). Total C was determined by a combustion method based on the procedure of Wang 
and Anderson (1998). Soil texture was determined by the particle size distribution (Walter et 
al., 1978). Soil pH (1:1 soil:water ratio) was determined as recommended by the NCR-13 
committee (Brown, 1998). Selected soil properties are shown in Table 2. 
Runoff samples were analyzed for DRP, BAP, and TPR. The filtered samples were 
analyzed for DRP by the ammonium-molybdate ascorbic-acid method (Murphy and Riley, 
1962). Unfiltered runoff samples were analyzed for BAP and TPR. Prior to the BAP test, 
Fe-oxide impregnated filter paper was prepared by immersing discs (5.5-cm diam., Whatman 
No. 50) in a solution containing 10 g FeCl3*6H20 in 100 mL deionized water. The paper 
discs were removed from the solution, dried, immersed in a 2.7 MNH4OH solution, and air-
dried. For the BAP test, an Fe-oxide impregnated filter paper disc was placed into a 50 mL 
centrifuge tube with 40 mL runoff, shaken end-over-end for 16 h, the disc was removed and 
air dried, and P was removed from the disc by shaking it for 1 h in 40 mL 0.1 MH2S04. The 
TPR was determined with an alkaline-oxidation digestion procedure (Dick and Tabatabai, 
1977; Laflen and Tabatabai, 1984) adapted to an aluminum digestion block (Cihacek and 
Lizotte, 1991). Phosphorus BAP and TPR extracts was determined colorimetrically with the 
ammonium-molybdate ascorbic-acid method (Murphy and Riley, 1962). Total solids (TS) in 
runoff were analyzed following the method of the American Public Health Association 
(APHA, 1998). 
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Statistical Design and Analysis 
Treatment effects on runoff P were assessed by analysis of variance (ANOVA) and 
regression analyses using the GLM procedure of SAS (SAS Institute, 1999). The ANOVA 
for each rainfall simulation event included sources of variation for a randomized complete-
block design with four replications at the Boone site and three replications at the Marshall 
site. The effects tested were main effects of manure and tillage (incorporation or not 
incorporation) and a manure by tillage interaction. Because the interaction was significant 
(P < 0.05) in most rainfall events, average effects of manure or tillage are not shown. Linear 
and curvilinear (quadratic) effects were tested for manure treatment means for each tillage 
treatment, and the curvilinear trends are shown only when they were significant (P <0.10) 
after the linear trends. In four instances, an exponential model fit the data significantly better 
than a quadratic equation. In these instances, a model of the form y = a + bcx was fit using a 
nonlinear procedure included in the Sigmaplot graphics package (SPSS Inc., 233 S. Wacker 
Drive, Chicago, Illinois). 
RESULTS AND DISCUSSION 
Effects of Manure Application Rates and Incorporation on Runoff P Concentrations 
First manure application 
As expected, manure P application increased runoff P concentrations. Figure 1 
shows effects of manure P rate and incorporation on runoff P concentrations for the first 
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manure application at the Boone site. The interaction between manure P rate by tillage 
always was significant at P < 0.05 for some or all rates. When simulated rainfall was applied 
within 24 h of manure application without incorporation, runoff P measured as DRP, BAP, 
and TPR increased linearly with increasing P rates. Incorporating the manure sharply 
decreased both DRP, BAP, and TPR concentrations in runoff and the effect of P rate. This 
effect was more obvious for DRP and BAP than for TPR. For example, the DRP and BAP 
concentrations in runoff were 7.9 and 6.3 times lower, respectively, when manure was 
incorporated at the highest manure P application rate. The effect of incorporation of manure 
on TPR concentration was not as remarkable, but was 2.0 times lower when the highest 
manure rate was incorporated into the soil. A curvilinear trend was observed for TPR (a 
decreasing rate of TPR increase), although it could be an anomaly because of very low values 
in two replications. The TS for these plots (not shown) followed a similar pattern. The TS 
concentrations were significantly related (r2 = 0.59; P < 0.05) to TPR concentrations for the 
incorporated treatments. In contrast, relationships between concentrations of TPR and TS 
were very poorly correlated for the non-incorporated treatment (r2 = 0.01, P < 0.81). Other 
research has shown that incorporating manure places P below the zone of interaction between 
the soil and surface runoff and thus reduces P concentrations in runoff following manure 
application (Withers et al., 2001; Tabbara, 2003; Haq et al., 2003). 
In non-incorporated manure treatments, the fraction of TPR made up of DRP or BAP 
increased with increasing manure P rate. For example, DRP increased from 33% of TPR for 
the lowest P rate to 62% of TPR for the highest rate. Both DRP and BAP fractions of TPR 
were much lower for the incorporated manure treatment and not clearly related with P rate 
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(for example, DRP was approximately 12% of TPR for all manure treatments). This result 
suggests that intensive rainfall immediately after applying high rates of manure without 
incorporation into the soil not only increases the risk of TPR loss, but that risk grows 
proportionally higher for forms of P that are readily available to algae. 
Delaying simulated rain after manure application for approximately 10 d sharply 
reduced the difference between runoff P concentration for incorporated and non-incorporated 
manure (Fig. 1). A decrease of DRP and BAP in runoff for the non-incorporated treatment 
when rainfall was delayed is most likely explained by increased P sorption to soil. The 
decrease in DRP and BAP for the delayed rainfall were proportionally lower as the P rate of 
non-incorporated manure increased. This is shown by weak, increasingly curvilinear trends 
for these two runoff P fractions when rainfall was delayed. For example, DRP concentration 
for the high P rate with delayed rainfall was just 2.9 times lower than with immediate rainfall, 
but was 4.8 times lower for the lowest P rate. Also, for non-incorporated treatments, the ratio 
of DRP to BAP decreased with delayed rainfall compared with the immediate rainfall (0.99 
to 0.86) suggesting that the proportion of particulate P in BAP increased as time passed. 
Delaying simulated rainfall decreased TPR almost as much as DRP or BAP (Fig. 1). 
On average, TPR concentration with delayed rainfall was 2.7 times lower than with 
immediate rainfall. However, the interaction between P rate and tillage for TPR at this 
rainfall event was the opposite to results discussed before. In this instance, TPR for the two 
lower manure P rates was larger with incorporation than without incorporation. This result is 
reasonable, and can be explained by proportionally higher loss of particulate P in runoff not 
measured as DRP or BAP with tillage and low manure P rates. 
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The DRP concentrations were only slightly lower than BAP concentrations at both 
rainfall events (Fig. 1). Other Iowa research with poultry manure (Haq et al., 2003) and 
liquid swine manure (Tabbara, 2003) showed larger differences between DRP and BAP. The 
difference between DRP and BAP concentrations likely is affected by forms of P in the 
manure sources and by soil conditions affecting the proportion of dissolved and particulate P 
in the soils. Our study indicated that a major proportion of (nearly all) BAP was accounted 
for by the DRP fraction while (for rainfall within 24 h, for example) DRP was on average 
41% of BAP in all control treatments, indicating the overriding effect of recently applied 
manure. Although studies (Sharpley and Moyer, 2000) report that about 90% of total P in 
swine manure is in the inorganic fraction, the results suggest that further study is required to 
investigate DRP and BAP relationships in runoff with various manure sources. 
Figure 2 shows effects of manure P rate and incorporation on runoff P concentrations 
for the first manure application and two rainfall simulations at the Marshall site. In general, 
the results at this site were similar to results at the Boone site with few exceptions. Runoff P 
concentrations for all fractions (DRP, BAP, and TPR) increased linearly with increasing rates 
of manure P that was surface-applied to soil for the rainfall event immediately after manure 
application. Incorporating the manure also decreased DRP, BAP, and TPR concentrations in 
surface runoff and decreased the impact of manure P rate. However, at this site the 
interaction between P rate and incorporation was not significant (P < 0.05) for BAP or TPR. 
Observation of data in Fig. 2 indicates that there was slightly more variability at this site 
(models fit well but not as well as for the Boone site) and differences between incorporation 
and non-incorporation for BAP and TPR were clearly large only for the highest P rate. Also, 
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at this site the fraction of TPR made up of DRP or BAP for the non-incorporated manure 
treatment did not follow the clear increasing pattern with increasing manure P rate observed 
at the Boone site. We have no explanation for this difference, although the manure source 
and soil were different for the two sites. 
Delaying rainfall at the Marshall site also decreased runoff P but the effect for the 
non-incorporated manure treatment was less pronounced. The difference between the two 
sites cannot be explained with certainty, and differences in both soil and manure sources 
could partly explain the discrepancy. However, we believe that this result could be explained 
mainly by decreased potential for soil P sorption due to much greater residue cover at the 
Marshall site. Soybean residue cover for the non-incorporated manure treatment was 97% for 
the Marshall site and 81% for the Boone site. Measured soil properties such as texture, OM, 
and pH could not explain this result (Table 2). If anything, we expected P losses at the 
Marshall site to decrease more than the Boone site, because soil P sorption is usually greater 
in finer texture soils (Udo and Uzu, 1972; Parffit, 1978; Mozaffari and Sims, 1994) and 
higher OM reportedly coats P sorption sites (Daly et al., 2001; Huang and Schnitzer, 1986; 
McDowell and Condron, 2001). Additionally, simulated rainfall at the Marshall site was 
delayed 5 to 6 d longer than at the Boone site due to intermittent natural rainfall during 3 d 
(23.9 mm total) that occurred during the waiting period without causing runoff. Both the 
additional delay in the simulated rainfall and the natural rainfall should have resulted in 
increased P sorption and larger differences between immediate and delayed simulated rainfall 
events for the Marshall site. 
For non-incorporated treatments at the Marshall site, the ratio of DRP to BAP 
decreased with delayed rainfall (0.98 to 0.95), although not as much as much as for the 
previously mentioned Boone site in 2002. This is most likely related to the relatively smaller 
decreases in DRP and BAP runoff P concentrations. Nonetheless, this confirms the 
observations at the Boone site and suggests that at this site the particulate P fraction in BAP 
also increased as time passed after manure application. Similarly, ratios of DRP or BAP to 
TPR decreased for the delayed rainfall event indicating lower P in readily available fractions 
as time passed. As noted for the Boone site, DRP concentrations were nearly similar to BAP 
concentrations at both rainfall events. 
Second manure application 
Study of runoff P concentration results for a single rainfall simulation event within 
24 h of manure application conducted in 2003 at both sites were in general similar to results 
discussed for the first application at each site (Fig. 3). As expected, concentrations in runoff 
of all P fractions (DRP, BAP, and TPR) for the non-incorporated manure treatment (no 
tillage) were much higher than for the first manure application. Not only was this a second 
application to the same plots, but this year application rates were higher. As with the first 
manure application, P application to soil sharply increased DRP, BAP, and TPR 
concentrations in runoff when manure was not incorporated, and incorporating manure 
sharply decreased runoff P, especially with high manure P rates. Moreover, this year runoff P 
did not increase with increasing manure P rate at the Boone site. The increases in runoff P 
concentrations with increasing P rate usually were linear, although the DRP increase at the 
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Marshall site was better described with a curvilinear model. We have no supported 
explanation for this observation. 
The proportion of DRP or BAP of TPR also increased with increased manure 
application rates. For example, the DRP fraction for the Boone site was 18% for the lowest P 
rate and 50% for the highest rate. At the Marshall site, the values were 31% and 61%. The 
TPR concentrations were highly related to TS concentrations in runoff when manure was 
incorporated at the Marshall site (P < 0.003; r2 = 0.49) and Boone site (P < 0.06; r2 = 0.31). 
When manure was not incorporated, TPR relationships with TS were not significant at either 
site. 
Effect of Manure Application Rate and Incorporation on Runoff P Loads 
First manure application 
Study of runoff P concentrations such as those discussed in the previous section 
provide good estimates of treatment or soil property effects on P loss. However, site 
properties that affect surface water flow may result in different P loads even when 
concentrations could be similar. This can be especially the case for comparisons across 
different sites or for measurements spaced over time within a site. Study of treatment effects 
on P loads within a site and rainfall event in general showed similar manure P rate and tillage 
effects to those shown for runoff P concentrations. This result is reasonable because 
differences in P loads across treatments within a site would parallel differences in runoff P 
concentrations when flow is similar within the site. However, trends were not always exactly 
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the same and the statistical significance of sometimes large treatment effects often was lower 
mainly because large flow variation across plots within a site. Large flow variation has been 
observed before, especially in rainfall simulation studies based on microplots such as those 
used in this study (Bundy et al., 2001). 
Results of treatment effects on P loads for the two simulations conducted after the 
first manure application at the Boone site are shown in Fig. 4. When manure was not 
incorporated, P loads in runoff for the rainfall event within 24 h of manure application 
increased linearly. Upon incorporation, P loads were much lower and also increased at a 
much lower rate, especially for DRP and BAP. These trends mirror those observed for runoff 
P concentrations. Runoff quantity varied greatly across plots (not shown) but variation was 
not consistent across treatments, and differences were not statistically significant (P < 0.05) 
between incorporated and non-incorporated manure or between application rates. Although 
runoff quantity tended to increase slightly with increased manure P application rate (not 
shown), trends for runoff P loads did not depart from linearity. 
When simulated rainfall was applied 10 d after manure application at the Boone site 
(Fig. 4), P losses decreased for all P rates and P losses for incorporated and non-incorporated 
treatments were similar (P < 0.05). Also, there was no interaction between tillage and P rate 
for DRP, BAP, and TPR. However, data for DRP and BAP for the highest manure P rate 
suggest larger P loss for the non-incorporated treatment, which follows the trends shown for 
runoff concentrations. In contrast to results for DRP and BAP loads and also for TPR 
concentrations, neither tillage nor manure P application rate influenced TPR loads. 
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Results for P loads after the first manure application at the Marshall site (Fig. 5) were 
somewhat different from results for concentrations at this site and from results for P loads at 
the Boone site. One key difference observed mainly for the rainfall event within 24 h of 
application was that large manure P and incorporation treatment effects were observed only 
for the highest P rate. This result explains a significant (P < 0.05) interaction between tillage 
and manure P rate for DRP, BAP, or TPR loads only for the high P rate. Curvilinear models 
confirm increasing P loss as the P rate increased. Similar to results at the Boone site, runoff 
quantity tended to increase with increased manure P application, which may have added to 
observed curvilinear trends. Especially for rainfall after manure application without 
incorporation, liquid manure may have partly sealed the soil to some degree as was suggested 
by results of other research, (Ross et al., 1979; Haraldsen and Sveitstrup, 1996; Smith et al., 
1998), with liquid cattle manure. However, Smith et al. (2001) reported that surface sealing 
was short lived, and that in the long term, swine manure additions result in improved 
aggregate stability, increased soil hydraulic conductivity, and decreased surface runoff. Also, 
Ginting et al. (1998) reported that annual particulate P and total P losses were either similar 
or lower from plots receiving solid beef manure than non-manure plots. 
The treatment effects (manure rate and tillage) on P loads at the Marshall site when 
rainfall was delayed (Fig. 5) followed the same trends observed for concentrations (Fig. 2) 
although curvilinear trends were more pronounce for loads. The P loads were much larger 
for the non-incorporated treatment and the P load increase with increasing P rate was larger 
for the non-incorporated treatment. When manure was incorporated, DRP increased slightly 
with increasing P rate, but BAP and TPR did not increase (P < 0.05). In contrast to results 
for the Boone site, delaying rainfall after manure application did not decrease P loads for the 
non-incorporated treatment compared with the 24-h rainfall event. A large decrease was 
observed in Fig. 2 for runoff P concentrations at this site, and also for P loads at the Boone 
site (Fig. 4). This result at the Marshall site is explained by runoff quantity that was on 
average six times higher than runoff quantity for the 24-h rain. The delayed simulated 
rainfall was applied 15 to 17 d following manure application, because of natural rainfall 
(23.9 mm) in the interim period. Although microplots were covered during intense 
rainstorms to prevent runoff and excessive surface moisture, intermittent low intensity rain 
during 2 to 3d likely increased soil moisture and sealed the soil surface more by the time the 
second rainfall simulation was applied. 
Second manure application 
Treatment effects on P loads for the 2003 rainfall simulation event within 24 h after 
the second manure application for the Boone site are shown in Fig. 6. This year differences 
in P loads between non-incorporated and incorporated manure followed trends shown for 
concentrations. However, both the overall level of P loads and differences between 
incorporated and non-incorporated manure were larger than in 2002 for the three runoff 
fractions, even though runoff P concentrations at a given P rate were comparable for both 
years (Figs. 1 and 3). In fact, this year manure application rate did not affect (P < 0.05) P 
loads when the manure was incorporated and increased P loads at a higher rate as the manure 
rate increased in non-incorporated treatments. Runoff quantity for the non-incorporated 
manure treatment was on average 7.4 times greater than incorporated treatments (not shown) 
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and increased with increasing rates of non-incorporated manure but not with incorporated 
manure. Furthermore, observations (not shown) of runoff quantity indicated that in 2003 the 
runoff from plots receiving the highest manure rate was higher than for the control plots or 
plots receiving lower manure rates. This result helps explain the more pronounced increasing 
P load trends this year. Also, this result supports the surface sealing effect of the very high 
liquid manure rate as was suggested by others (Smith et al., 1998). 
Runoff P loads within 24 h of the second manure application at the Marshall site (in 
2003) are shown in Fig. 7. Treatment effects for this site also showed larger P loads for the 
three runoff fractions as manure rate increased for the non-incorporated treatment. However, 
there were some differences compared with trends observed for runoff P concentrations in 
2003 and for P loads in the first simulation after the 2002 manure application. One 
difference was that curvilinear increasing trends for P loads with increasing rate of non-
incorporated manure were more obvious this year. This result agrees with results discussed 
for the Boone site. Another major difference is that in 2003 for DRP and BAP loads, the 
interaction manure P rate by incorporation treatments and the overall effect of tillage 
(incorporation or not incorporation of manure) were not significant (P <0.05), but the overall 
manure P rate effect was significant. Moreover, non-orthogonal comparisons of 
incorporation vs. non-incorporation for the highest manure rate were significant (larger for 
non-incorporated manure). This result indicates that surface application of manure without 
incorporation resulted in higher P loss only for the very high manure rate, which was higher 
than rates producers usually apply when they base application of N or P needs for up to two 
crops. In contrast results for TPR (Fig. 7) indicated that overall TPR loads were higher when 
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manure was incorporated for the three lowest manure rates (P < 0.05) and that non-
incorporated manure increased TPR loss to similar levels to incorporated manure only for the 
highest rate. 
At this site, runoff quantity was on average five times greater in incorporated 
treatments than non-incorporated treatments, which was the opposite to observations 
previously discussed for the Boone site in 2003. This result might partially be explained by 
an expected increase in infiltration for non-incorporated treatments determined by a long-
term history of no-till management at the Marshall site. Also, average TPR loads for 
incorporated treatments compared to non-incorporated treatments were relatively higher 
compared to those observed in 2002 (Fig 5.). This is likely explained by greater residue 
cover in 2002 (64%) than in 2003 (40%) which led to 2.5 times greater sediment 
concentration in 2003. 
CONCLUSIONS 
The results of this study showed that surface runoff P concentrations always increased 
with increased liquid swine manure application rates when manure was not incorporated and 
simulated rainfall was applied within 24 h following manure application. The concentrations 
of DRP were only slightly lower than BAP, indicating that dissolved P forms in runoff 
contributed to most of the BAP fraction. The contribution of DRP or BAP to TPR increased 
with increased application rates of non-incorporated manure, suggesting an increased risk of 
P loss in forms readily available to algae with increasing manure rate. This trend was not 
observed when manure was incorporated, and the fraction of TPR as DRP or BAP was lower 
than for non-incorporated manure. When rainfall was delayed 10 to 15 d following manure 
application, runoff P concentrations in non-incorporated treatments decreased sharply, and 
decreases were proportionally greater at low manure P rates. The decrease was more 
apparent at the Boone site than the Marshall site, probably due to greater residue cover at the 
Marshall site decreasing P sorption potential. The TPR concentrations in runoff were higher 
for non-incorporated manure, except for the lowest manure P rates at the Boone site when 
rainfall was delayed 10 d subsequent to manure application. This suggests that in some soils 
TPR concentrations are highly affected by the probability of rainfall immediately after 
manure application, and that incorporation sometimes could have a negative impact because 
of increased sediment loss. 
Phosphorus loads in general followed trends observed for runoff P concentrations, 
although there were notable differences. The P loads usually increased at a greater rate as 
manure P rates increased compared with runoff P concentrations, probably as a result of 
higher runoff quantity with increasing application rates of liquid manure. Differences 
between incorporated and non-incorporated manure were less consistent across sites, seasons, 
and manure application rates for P loads compared with runoff P concentrations. The DRP 
and BAP loads seldom differed between incorporated and non-incorporated treatments for the 
lower manure application rates but were larger for the highest rate of non-incorporated 
manure. The TPR loads, however, seldom differed between incorporated and non-
incorporated treatments for the lower manure application rates but also did not differ for the 
highest rate for two of the six rainfall events across sites and seasons. 
A 10 to 15 d delay in rainfall after manure application without incorporation into the 
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soils sharply reduced runoff P concentrations and P loads. These results indicate a need for 
considering probability of rainfall events causing runoff when developing guidelines for 
manure placement. Also, inconsistent effects across sites and seasons for manure rate and 
incorporation effects on P loads indicate the need for a better understanding of surface 
hydrological factors at a small scale for developing effective management strategies to 
control P loss. 
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Table 1. Analysis of manure applied at Boone and Marshall sites in 2002 and 2003 
Site Total P Water Extractable P Total Solids 
year of application 
2002 2003 2002 2003 2002 2003 
g L-i 
naf 0.020 32 43 
na 0.036 24 58 
t Not analyzed in 2002 
Boone 0.63 0.94 
Marshall 0.67 1.3 
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Table 2. Selected initial soil properties for 0 to 15 cm sample depth. 
Site Soil Texture Clay Silt pH OM Total P Bray P 
—9 kg ^ — g kg ^ —mg kg — 
Boone Clarion L 193 347 5.8 34 400 13 
Marshall Tama SCL 328 652 5.9 26 426 5 
t L, loam; SCL, silty clay loam. 
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Figure 5. Effect of manure application rate, incorporation, and time of simulated 
rainfall on runoff P concentrations for the Marshall site in 2002 (INC, 
manure incorporated; NOINC, manure not incoporated). 
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Figure 6. Effect of manure application rate, incorporation, and time of simulated 
rainfall on runoff P concentrations at the Boone site in 2003 (NOINC, 
manure not incorporated; INC, manure incorporated). 
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Figure 7. Effect of manure application rate, incorporation, and time of simulated 
rainfall on runoff P concentrations for the Marshall site in 2003 (NOINC, 
manure not incorporated; INC, manure incorporated). 
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CHAPTER 5: GENERAL CONCLUSIONS 
The objectives of this research were to 1) assess relationships between total P, soil-
test P, and quick indices of P sorption or P saturation on Iowa soils receiving long-term 
applications of fertilizer P, swine manure, or poultry manure; 2) characterize soil and runoff 
P relationships for five typical Iowa soils with wide ranges in soil P levels using an indoor 
rainfall simulation technique; and 3) assess the impact of different application rates of liquid 
swine manure, its incorporation into the soil, and timing of simulated rainfall subsequent to 
manure application on concentrations and loads of dissolved reactive P, bioavailable P, and 
total P in surface runoff. 
Soil test P measured with three agronomic tests (Bray-1 P, Mehlich 3 P, Olsen P), 
total P, and two indices of soil P saturation increased with long-term cumulative P 
application. As cumulative P applied increased, the relative proportion of soil test P in total 
P was slightly higher. Routine soil P tests could approximately estimate long-term effects of 
P application on total P and soil P saturation in many areas of Iowa and the Corn Belt. 
However, further investigation with these and other soils including higher P application rates 
or soil test P levels would be useful to better describe and understand relationships between 
soil test P, total P, and soil P saturation indices. 
In the indoor rainfall simulation study, a one-time P application to five typical Iowa 
soils at rates larger than fertilizer rates applied for one crop but within rates applied with 
animal manures increased soil P and runoff P loss linearly. Differences in relationships 
between runoff P and P application or soil P were small or nonexistent across four 
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noncalcareous soils, but often differed for a calcareous soil. At a given P application rate or 
soil P level, soluble P in runoff oftentimes was higher for the calcareous soil, while total P in 
runoff always was much higher than the noncalcareous soils. Routine or environmental soil 
P tests can be used to estimate P concentration in surface runoff. A single calibration across 
soils of soil-test P-runoff P relationships would result in acceptable error, although estimates 
would be slightly improved by separate calibrations for the calcareous and noncalcareous 
soils included in this study. 
In the manure application study, surface runoff P concentrations always increased 
with increased liquid swine manure application rates when manure was not incorporated and 
simulated rainfall was applied immediately following manure application. The contribution 
of soluble P to total P in runoff increased with increased application rates of non-incorporated 
manure, suggesting an increased risk of P losses in forms readily available to algae with 
increasing manure rate. This trend was not observed when manure was incorporated. Also, 
incorporation of manure reduced total P losses, especially immediately following manure 
application at high rates. However, the benefits of manure incorporation decreased with time 
and incorporation sometimes led to higher rates of total P loss at low manure P rates because 
of proportionally higher sediment loss. 
A 10 to 15 d delay in rainfall after manure application without incorporation into the 
soils sharply reduced runoff P concentrations and P loads. Moreover, with delayed rainfall, 
runoff P from plots receiving manure P at rates that would supply the needs of one crop 
usually were similar for incorporated and non-incorporated treatments. These results indicate 
that consideration should be given to probability of rainfall events causing runoff when 
developing guidelines for manure placement. Also, inconsistent effects across sites and 
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seasons for manure rate and incorporation effects on P loads indicate the need for better 
understanding of surface hydrological factors at a small scale for developing effective 
management strategies to control P loss. 
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